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A c a d e m i c  D e a n  
j )  1 2  3 S  c .  .  1 -
A B S T R A C T  
A l g e b r a i c  m e t h o d  t e c h n i q u e s  a r e  a p p l i e d  t o  d e s i g n  l i n e a r  c o n t r o l  
s y s t e m s .  C o m p u t e r  p r o g r a m s  t o  a c c o m p l i s h  t h e  d e s i g n  p r o c e d u r e  a r e  
p r e s e n t e d .  S e v e r a l  c o m b i n a t i o n s  o f  f e e d b a c k  a n d  c a s c a d e  c o m p e n s a t e d  
s y s t e m s  u s i n g  d i f f e r e n t  s p e c i f i c a t i o n s  a r e  s t u d i e d .  S p e c i f i c a t i o n s  
c o n s i d e r e d  i n c l u d e  t h e  s y s t e m  d a m p i n g  r a t i o  
1  
u n d a m p e d  n a t u r a l  
f r e q u e n c y  I  b a n d w i d t h  I  s t e a d y  s t a t e  e r r o r  c o e f f i c i e n t s  a n d  r o o t  
s e n s i t i v i t y .  
T h e  m e t h o d  i s  s h o w n  t o  b e  a p p l i c a b l e  t o  a n y  t r a n s f e r  f u n c t i o n  a n d  
c a p a b l e  o f  w o r k i n g  w i t h  a n y  n u m b e r  o f  p a r a m e t e r s .  
2  
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I .  I N T R O D U C T I O N  
T h e  d e s i g n  p r o b l e m  c a n  b e  s t a t e d  a s  " t h e  p r o b l e m  o f  d e t e r m i n i n g  
a  p r a c t i c a l  s e t  o f  p h y s i c a l  p a r a m e t e r s  f o r  a  s y s t e m  s u c h  t h a t  a  d e s i r e d  
p e r f o r m a n c e  i s  o b t a i n e d . "  [ 1 ]  
M a n y  t e c h n i q u e s  h a v e  b e e n  d e v i s e d  t o  a c c o m p l i s h  t h e  d e s i g n  o f  
c o n t r o l  s y s t e m s :  t h e  R o o t  L o c u s  a n d  t h e  c o n v e n t i o n a l  f r e q u e n c y  r e s p o n s e  
t e c h n i q u e s  b e i n g  t h e  m o s t  p o p u l a r .  A l l  o f  t h e s e  t e c h n i q u e s  p r e s e n t  t h e  
a d v a n t a g e  t h a t  t h e  d e s i g n e r  h a s  a  g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  
p r o b l e m  a n d  t h e r e f o r e  c a n  v i s u a l i z e  t h e  e f f e c t s  t h a t  a  c h a n g e  i n  o n e  
p a r a m e t e r  p r o d u c e s  i n  t h e  o t h e r s .  H o w e v e r  
1  
t h e y  a r e  t i m e  c o n s u m i n g  
a n d  h a v e  t h e  d i s a d v a n t a g e  o f  b e i n g  u n a b l e  t o  h a n d l e  m o r e  t h a n  o n e  
p a r a m e t e r .  O n e  w a y  o f  o v e r c o m i n g  t h i s  d i f f i c u l t y  i s  b y  u s i n g  a n o t h e r  
g r a p h i c a l  t e c h n i q u e  c a p a b l e  o f  h a n d l i n g  m o r e  t h a n  o n e  p a r a m e t e r .  F o r  
t h i s  r e a s o n  S i l j a k  [ 2 ]  h a s  d e v e l o p e d  t h e  " p a r a m e t e r  p l a n e "  m e t h o d  I  i n  
w h i c h  t w o  p a r a m e t e r s  m a y  b e  v a r i e d  a t  t h e  s a m e  t i m e  a n d  t h e  s o l u t i o n  
m a y  b e  o b t a i n e d  b y  u s i n g  t h e  t r a n s f o r m a t i o n  p r o p o s e d  e a r l i e r  b y  
M i t r o v i c  [ 3 ]  .  
T h e  t h e o r y  a n d  m e t h o d o l o g y  d e v e l o p e d  f o r  t h e  p a r a m e t e r  p l a n e  h a v e  
p r o v i d e d  t h e  f e a s i b i l i t y  o f  u s i n g  a  p u r e  a n a l y t i c  m u l t i p a r a m e t e r  p r o -
c e d u r e  c a l l e d  " a l g e b r a i c  m e t h o d s  
1
"  b y  m e a n s  o f  w h i c h  t h e  s y s t e m  
d i f f e r e n t i a l  e q u a t i o n s  a n d  t h e  s p e c i f i c a t i o n s  e x  p r e s  s e d  i n  a n a l y t i c a l  
f o r m  c a n  b e  r e d u c e d  t o  a  s e t  o f  a l g e b r a i c  e q u a t i o n s .  T h e  r e s u l t a n t  
a l g e b r a i c  e q u a t i o n s  I  h o w e v e r  I  a r e  n o n l i n e a r  a n d  i n  a l l  b u t  t h e  m o s t  
7  
s i m p l e  c a s e s  s o l u t i o n  b y  h a n d  c a l c u l a t i o n s  m a y  b e  a  m o r e  d i f f i c u l t  
p r o b l e m  t h a n  t h e  a c t u a l  p r o b l e m  o f  d e s i g n .  T h i s  d i f f i c u l t y  h a s  b e e n  
g r e a t l y  o v e r c o m e  i n  t h e  l a s t  d e c a d e  b y  t h e  r a p i d  d e v e l o p m e n t  o f  d i g i t a l  
c o m p u t e r s ,  w h i c h  h a v e  m a d e  p o s s i b l e  t h e  a p p l i c a t i o n  o f  n u m e r i c a l  
t e c h n i q u e s  f o r  t h e  s o l u t i o n  o f  n o n l i n e a r  e q u a t i o n s .  
I n  t h i s  p a p e r  t w o  m e t h o d s  a r e  u s e d  t o  s o l v e  t h e  d e s i g n  p r o b l e m .  
T h e  f i r s t  m e t h o d  u s e s  a  l i n e a r i z a t i o n  p r o c e d u r e  t o  s o l v e  t h e  r e s u l t a n t  
n o n l i n e a r  e q u a t i o n s ,  w h i l e  w i t h  t h e  s e c o n d  m e t h o d  t h e  e q u a t i o n s  a r e  




I I .  A L G E B R A I C  M E T H O D S  
T h e  b a s i s  f o r  M i t r o v i c '  s  a p p r o a c h  t o  t h e  r o o t  f i n d i n g  p r o b l e m  [ 1 ]  
w a s  t h e  C a u c h y  p r i n c i p l e  o f  a r g u m e n t  w h i c h  s t a t e s  t h a t  " t h e  c o n f o r m a l  
m a p p i n g  o f  a  c l o s e d  c o n t o u r  o n  t h e  S  p l a n e  t h r o u g h  a  m a p p i n g  f u n c t i o n  
p r o d u c e s  a  c o n t o u r  o n  t h e  p o l a r  p l a n e  I  a n d  t h e  e n c i r c l e m e n t s  o f  t h e  
o r i g i n  o f  t h e  p o l a r  p l a n e  b y  t h e  m a p p e d  c u r v e  c a n  b e  i n t e r p r e t e d  i n  t e r m s  
o f  t h e  s i n g u l a r i t i e s  o f  t h e  m a p p i n g  f u n c t i o n  t h a t  a r e  e n c l o s e d  b y  t h e  S  
p l a n e  c o n t o u r . "  M i t r o v i c  c h o s e  I  f o r  t h e  v a l u e s  o f  S  i n  t h e  s e c o n d  
q u a d r a n t  
1  
t h e  t r a n s f o r m a t i o n  o f  v a r i a b l e :  
S  =  W  e x p ( j  (  T I  / 2 ) + 9 )  =  - W  S i n  9  +  j W  C o s  9  
n  n  n  
f o r  a  m a p p i n g  f u n c t i o n  g i v e n  b y  t h e  p o l y n o m i a l  o n  t h e  S  p l a n e  
n  
F ( s )  =  L  
k = o  
A  s k  =  o  
k  
I f  i n  e q u a t i o n  2  - 1 a  W n  i s  t h e  r a d i a l  d i s t a n c e  f r o m  t h e  o r i g i n  t o  a  
( 2 - 1 a )  
( 2  - 2 )  
p a r t i c u l a r  r o o t  ( l a t e r  o n  t h i s  w i l l  b e  c a l l e d  t h e  d o m i n a n t  r o o t )  o f F  ( s )  I  
a n d  9  t h e  a n g l e  f o r m e d  b e t w e e n  t h e  s e c o n d  q u a d r a n t  r a d i a l  l i n e  a n d  t h e  
n e g a t i v e  r e a l  a x i s  
1  
a n d  a l s o  d e f i n i n g  c o s  9  a s  t h e  d a m p i n g  r a t i o  1 '  I  
t h e n  e q u a t i o n  2 - 1 a  c a n  b e  w r i t t e n  a s  
s  =  - < r w  +  j W  (
1  
_  c ; ; , 2 )  1 / 2  
n  n  ? <  
( 2  - 1 )  
F u r t h e r m o r e  i f  2 - 1  i s  s u b s t i t u t e d  i n  2 - 2  i t  c a n  b e  s h o w n  [ 2 ]  t h a t  t h e  
p o w e r s  o f  S  f o r m e d  o b e y  t h e  f o l l o w i n g  r e l a t i o n s  
s k  =  w~ ( T k ( - ~ ) )  +  j [ ( 1 - t 2 ) 1 / 2 u k  ( - ~)J 
9  
w h e r e  
T  ( - ~ )  =  (  - 1  )  k T  (  1 '  )  
k  k  
u  ( - ~ )  =  (  - 1 )  k u  (  ~ )  
k  k  
a n d  U  k  a n d  T  k  a r e  C h e b y s h e v  f u n c t i o n s  o f  t h e  f i r s t  a n d  s e c o n d  k i n d  
r e s p e c t i v e l y  a n d  a r e  g i v e n  b y  t h e  f o l l o w i n g  r e c u r r i n g  r e l a t i o n s  [ 2 ]  
w i t h  
T  k  +  1  (  ~ )  =  2  r T  k  (  ~ )  - T  k  - 1  (  ' f  )  
U k +
1
(  r )  =  2 1 U k (  r ) - U k _
1
(  < f )  
T
0
( r ) = U
1
( t ) = 1  
U  
0  
(  T )  =  0  a n d  T  
1  
(  1 "  )  =  t  
U s i n g  t h e s e  t r a n s f o r m a t i o n s  a n d  e q u a t i n g  t o  z e r o  i n d e p e n d e n t l y  r e a l  a n d  
i m a g i n a r y  p a r t s  
1  
e q u a t i o n  2 - 2  c a n  b e  w r i t t e n  
t  
k  k  
(  - 1 )  A k  W  n  U  k  _
1  
(  f  )  =  0  
( 2  - 3 )  
k = o  
n  
L  
(  - 1 )  k  A k  w~ u  k  (  ! f  )  =  o  
( 2  - 4 )  
k = o  
E q u a t i o n s  2 - 3  a n d  2 - 4  a r e  t h e  b a s i c  e q u a t i o n s  d e v e l o p e d  b y  S i l j a k  [ 2 ]  
t o  b e  u s e d  i n  t h e  " p a r a m e t e r  p l a n e "  m e t h o d  o f  d e s i g n .  T h e y  a r e  a l s o  t h e  
b a s i s  I  a s  w i l l  b e  a p p a r e n t  i n  t h e  f o l l o w i n g  s e c t i o n s  I  b y  w h i c h  a  p u r e  
a n a l y t i c a l  d e s i g n  i s  m a d e .  T h a t  i s  
1  
d e s i g n  u s i n g  p u r e  a n a l y t i c a l  
p r o c e d u r e s  c o n s i s t s  b a s i c a l l y  o f  s o l v i n g  e q u a t i o n s  2 - 3  a n d  2 - 4  f o r  t h e  
u n k n o w n  p a r a m e t e r s  o f  t h e  c h a r a c t e r i s t i c  e q u a t i o n  f o r m e d  b y  t h e  s y s t e m  
d i f f e r e n t i a l  e q u a t i o n s  
1  
r e d u c e d  t o  a  t r a n s f e r  f u n c t i o n  i n  t e r m s  o f  t h e  
1 0  
L a p l a c e  t r a n s f o r m  ( S  d o m a i n )  I  a n d  t h e  a d e q u a t e  c a s c a d e  a n d / o r  f e e d b a c k  
c o m p e n s a t o r s  r e q u i r e d  t o  s a t i s f y  t h e  p r e s c r i b i n g  s p e c i f i c a t i o n s .  I t  i s  
o b v i o u s  t h a t  t h e  c o e f f i c i e n t s  A k  i n  e q u a t i o n s  2 - 3  a n d  2 - 4  w i l l  b e  a  
f u n c t i o n  o f  t h e  u n k n o w n  p a r a m e t e r s  o f  t h e  s y s t e m  a n d  t h o s e  i n t r o d u c e d  t o  
i t  b y  t h e  c o m p e n s a t o r  d e v i c e s .  I f  t h e s e  p a r a m e t e r s  a r e  c a l l e d  r .  
1  
( i  =  l  I  2  I  • • • • • • • • • • • •  P )  t h e n  t h e  c o e f f i c i e n t s  c a n  b e  w r i t t e n  a s  
A  =  G  ( r . )  .  _  
1  
p  
k  k  1  1 - 1  • • • •  ,  
( 2  - 5 )  
R e q u i r e m e n t  f o r  s o l u t i o n  i s  t h a t  t h e  n u m b e r  o f  e q u a t i o n s  m u s t  e q u a l  t h e  
n u m b e r  o f  u n k n o w n s .  T h e r e f o r e  a  s e t  o f  P  e q u a t i o n s  a r e  r e q u i r e d  t o  
a t t e m p t  a  s o l u t i o n .  T h e  t r i v i a l  w a y  o f  f i n d i n g  t h e s e  e q u a t i o n s  i s  b y  
a s s u m i n g  P  r o o t s  o f  t h e  c h a r a c t e r i s t i c  e q u a t i o n  o f  t h e  c o m p e n s a t e d  
s y s t e m  a n d  r e p l a c e  e a c h  p a i r  o f  c o m p l e x  o n e s  i n  2 - 3  a n d  2 - 4  
1  
a n d  e a c h  
r e a l  o n e  i n  t h e  e q u a t i o n  
n  
L  
A k  Q " "  k  =  0  
( 2  - 6 )  
k = o  
A n o t h e r  p h i l o s o p h y  c o n s i s t s  o f  s u b s t i t u t i n g  i n  t h e  b a s i c  e q u a t i o n s  
o n l y  t h e  r o o t s  w h o s e  r e a l  p a r t s  h a v e  t h e  l e a s t  n e g a t i v e  v a l u e  a n d  
d o m i n a t e  t h e  t i m e  r e s p o n s e  o f  t h e  s y s t e m  ( b y  d e f i n i t i o n  t h i s  i s  t h e  
d o m i n a n t  r o o t )  a n d  d e r i v e  a d d i t i o n a l  a l g e b r a i c  r e l a t i o n s h i p s  f r o m  t h e  
s y s t e m  p e r f o r m a n c e  s p e c i f i c a t i o n s .  I n  p r e v i o u s  w o r k  a l g e b r a i c  r e l a t i o n -
s h i p s  f o r  s p e c i f i c a t i o n s  s u c h  a s  b a n d w i d t h ,  s e n s i t i v i t y  a n d  e r r o r  c o -
e f f i c i e n t s  h a v e  b e e n  f o u n d .  H o w e v e r  I  t h e y  h a v e  t h e  d i s a d v a n t a g e  t h a t  
d e p e n d i n g  o n  t h e  c o m p l e x i t y  o f  t h e  s y s t e m  t h e y  l e a d  t o  a  s e t  o f  a l g e b r a i c  
e q u a t i o n s  w h o s e  n o n l i n e a r i t y  i s  s u c h  t h a t  t h e  s o l u t i o n  i s  e x t r e m e l y  
d i f f i c u l t  a n d  a s s i s t a n c e  o f  a  d i g i t a l  c o m p u t e r  i s  m a n d a t o r y .  
l l  
I I I .  T H R E E  S P E C I F I C A T I O N S  D E S I G N  
A .  R O O T S  A N D  E R R O R  C O E F F I C I E N T  S P E C I F I C A T I O N S  
T h r e e  c o m m o n  p e r f o r m a n c e  s p e c i f i c a t i o n s  a r e  t h e  d o m i n a n t  r o o t s  
( a c t u a l l y  t w o  s p e c i f i c a t i o n s )  a n d  t h e  e r r o r  c o e f f i c i e n t .  T h e  c o m i n a n t  
r o o t s  a r e  a  m e a s u r e  o f  t h e  t i m e  r e s p o n s e  o f  t h e  s y s t e m  w h i l e  t h e  e r r o r  
c o e f f i c i e n t  c a n  b e  i n t e r p r e t e d  i n  t e r m s  o f  t h e  s t e a d y  s t a t e  e r r o r s  
( c l a s s i c a l  i n t e r p r e t a t i o n )  o r  a s  a  m e a s u r e  o f  t h e  m o m e n t s  o f  t h e  i m p u l s e  
r e s p o n s e  o f  t h e  c l o s e d  l o o p  s y s t e m  f u n c t i o n  [ 4 ] .  F r o m  t h i s  l a s t  i n t e r -
p r e t a t i o n ,  t i m e  d e l a y  a n d  r i s e  t i m e  c a n  a l s o  b e  d e r i v e d .  
T h e  d e s i g n  p r o b l e m  i n  t e r m s  o f  t h e  t h r e e  s p e c i f i c a t i o n s ,  o r  i n  
g e n e r a l  i n  t e r m s  o f  a n y  n u m b e r  o f  s p e c i f i c a t i o n s ,  c a n  b e  b r o k e n  i n t o  
t h r e e  p a r t s :  
a .  T h e  s p e c i f i c a t i o n s  a r e  i n t e r p r e t e d  i n  t e r m s  o f  c o n s t r a i n t s  
o n  t h e  m a t h e m a t i c a l  f u n c t i o n s  d e s c r i b i n g  s y s t e m  c h a r a c t e r i s t i c s .  
b .  A  n u m b e r  o f  s y s t e m s  a r e  d e t e r m i n e d ,  e a c h  o f  w h i c h  s a t i s f i e s  
t h e  p r e s c r i b i n g  s p e c i f i c a t i o n s ;  a n d  
c .  T h e  " b e s t "  s y s t e m  i s  s e l e c t e d .  
I f  c o n v e n t i o n a l  f r e q u e n c y  r e s p o n s e  a n d  r o o t  l o c u s  m e t h o d s  a r e  u s e d  t h e  
p r o c e d u r e  t h a t  t h e  d e s i g n e r  f o l l o w s  i s  t o  m o d i f y  a n d  b u i l d  u p  t h e  o p e n  
l o o p  t r a n s f e r  f u n c t i o n  u n t i l  t h e  c l o s e d  l o o p  m e e t s  t h e  p r e s c r i b e d  s p e c i -
f i c a t i o n s  ( b a s i c a l l y  t r i a l  a n d  e r r o r ) ;  b u t  i f  p u r e  a n a l y t i c a l  p r o c e d u r e s  
a r e  u s e d  t h e .  p r o b l e m  c a n  b e  s o l v e d  i n  a  r a t h e r  f a s t  a n d  a c c u r a t e  w a y .  
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1 .  G e n e r a l  S t a t e m e n t  o f  t h e  P r o b l e m  
D e s i g n  a  l i n e a r  c o n t r o l  s y s t e m  w h o s e  u n c o m p e n s a t e d  o p e n  
l o o p  t r a n s f e r  f u n c t i o n ,  i n  t e r m s  o f  L a p l a c e  t r a n s f o r m ,  i s  g i v e n  b y  a  r a t i o  
o f  t w o  p o l y n o m i a l s  a n d  w h o s e  c l o s e d  l o o p  m u s t  b e  s u c h  t h a t  a  g i v e n  s e t  
o f  s p e c i f i c a t i o n s  f o r  r o o t  l o c a t i o n s  a n d  e r r o r  c o n s t a n t  c o e f f i c i e n t  a r e  
s a t i s f i e d .  T h e  p r e s c r i b e d  s p e c i f i c a t i o n s  i m p l y  t h a t  b a s i c a l l y  t h r e e  
e q u a t i o n s  w i t h  t h r e e  u n k n o w n s  m u s t  b e  f o u n d  i n  o r d e r  t o  a t t e m p t  a  
s o l u t i o n ;  t h a t  i s ,  t h e  r o o t  s p e c i f i c a t i o n s  l e a d  t o  a  s e t  o f  t w o  e q u a t i o n s  
a n d  t h e  o t h e r  e q u a t i o n  i s  d e r i v e d  f r o m  t h e  e r r o r  c o e f f i c i e n t  s p e c i f i c a t i o n .  
T h e  d e s i g n e r  t h e r e f o r e  m u s t  f i n d  a p p r o p r i a t e  c o m p e n s a t o r  d e v i c e s  w h i c h ,  
w h e n  c o m b i n e d  w i t h  t h e  s y s t e m  e q u a t i o n s  i n  a  c l o s e d  f o r m ,  m e e t  t h e  
s p e c i f i c a t i o n s .  S e v e r a l  c o m b i n a t i o n s  o f  f e e d b a c k  a n d  c a s c a d e  c o m p e n -
s a t o r s  m a y  b e  u s e d .  H o w e v e r ,  i n  t h i s  s e c t i o n ,  a  c o m b i n a t i o n  o f  s i n g l e  
f i l t e r  c a s c a d e  a n d  v e l o c i t y  f e e d b a c k  ( t a c h o m e t e r  f e e d b a c k )  i s  u s e d  t o  
d e v e l o p  a  c o m p u t e r  p r o g r a m  c a p a b l e  o f  h a n d l i n g  a  r a t h e r  g e n e r a l  p r o b l e m  
i n  w h i c h  t h e  t r a n s f e r  f u n c t i o n  i s  a s s u m e d  f o r m e d  b y  t h e  r a t i o  o f  t w o  
p o l y n o m i a l s  e x p r e s s e d  e i t h e r  i n  i t s  f a c t o r e d  f o r m  o r  i n  p o w e r s  o f  t h e  
c o m p l e x  v a r i a b l e  s .  S i n c e  i n  m o s t  d e v i c e s  u s e d  f o r  c o n t r o l  s y s t e m s ,  
t h e  o r d e r  o f  t h e  n u m e r a t o r  p o l y n o m i a l  i s  m u c h  l e s s  t h a n  t h e  o r d e r  o f  t h e  
d e n o m i n a t o r ,  i t  i s  f u r t h e r  a s s u m e d  t h a t  t h e  u n c o m p e n s a t e d  d e n o m i n a t o r  
t r a n s f e r  f u n c t i o n  i s  a t  l e a s t  t w o  o r d e r s  g r e a t e r  t h a n  t h e  u n c o m p e n s a t e d  
n u m e r a t o r  t r a n s f e r  f u n c t i o n .  T h e  s y s t e m  b l o c k  d i a g r a m  t o  b e  a n a l y z e d  
c a n  b e  a r r a n g e d  a s  s h o w n  i n  F i g u r e  3 - l .  
1 3  
'  
R ( s )  + M D  ~ 
G  c 2  ( s )  
~I: 
G  c  1  ( s )  
G ( s )  l  I  I  C ( s ) _ _  
I  r  H ( s ) ]  I  
F i g u r e  3 - 1  
C a s c a d e  a n d  F e e d b a c k  C o m p e n s a t i o n  f o r  R o o t s  
a n d  E r r o r  C o e f f i c i e n t  S p e c i f i c a t i o n s  D e s i g n  
C o n s i d e r i n g  G  c
2  
( s )  =  1 ,  t h e  s y s t e m  t r a n s f e r  f u n c t i o n  c a n  b e  w r i t t e n  a s :  
G  ( s )  =  K f  
l l . h l  
D  ( s )  
m  m - 1  
=  K  A l S  + A 2 S  +  . . . . .  + A m + l  
f  
n  n - 1  
Q  1  
8  
+ Q  2  
8  
+  ·  ·  ·  ·  •  + Q  n  +  1  
( 3  - 1 )  
L i k e w i s e  t h e  c a s c a d e  c o m p e n s a t o r  ( s i n g l e  f i l t e r )  c a n  b e  w r i t t e n  a s :  
G e l  ( s )  =  
s  +  z  
s  +  p  
a n d  t h e  f e e d b a c k  c o m p e n s a t o r  a s :  
H  ( s )  =  K t .  S  
( 3  - 2 )  
( 3  - 3 )  
E q u a t i o n s  3 - 1 ,  3 - 2  a n d  3 - 3  c o n t a i n  f o u r  u n k n o w n s ,  n a m e l y  K f ,  Z ,  P  
a n d  K t ,  w h i c h  w h e n  c o m b i n e d  t o  f o r m  t h e  c h a r a c t e r i s t i c  e q u a t i o n  o f  
t h e  s y s t e m  w i l l  b e  a  f u n c t i o n  o f  t h e  c o e f f i c i e n t s ,  i . e .  ,  
A k  =  G k  ( K f  I  z  I  p  I  K t )  
I n  f a c t  i f  t h e  c h a r a c t e r i s t i c  e q u a t i o n  i s  d e f i n e d  a s  F  ( s ) ,  t h e n  
F  ( s )  =  1  +  G o  ( S )  =  0  
F ( s )  =  1  +  G e ( S )  . K  
e  
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( 3  - 4 )  
t 3  - 5 )  
w h e r e  
G  ( s )  
e  




( s ) G ( s )  
1  +  [ G  ( s ) G ( s ) ] K  S  
c  1  t  
K  G  ( s )  
e  e  
D e f i n i n g  t h e  c l o s e d  l o o p  t r a n s f e r  f u n c t i o n  a s  C  ( s ) / R ( s ) ,  t h i s  c a n  b e  
w r i t t e n  a s :  
C  ( s )  
R ( s )  
=  
G  ( s )  
0  
1  +  G  ( s )  
0  
=  
K  G  ( s )  
e  e  
1  +  K  G  ( s )  
e  e  
K e K f N  ( s )  ( S + Z )  
C  ( s )  
R ( s )  
=  
( S + P ) D ( s )  +  K f K  S N ( s )  ( S + Z )  +  K  K  N ( s )  ( S + Z )  
t  e  f  
C  ( s )  _  
R ( s )  -
P  ( s )  
F  ( s )  
( 3  - 6 )  
E x p a n s i o n  o f  e q u a t i o n s  3 - 5  a n d  3 - 6  w a s  n e e d e d  i n  o r d e r  t o  w r i t e  t h e  
c o m p u t e r  p r o g r a m  i n  A p p e n d i x  D .  H o w e v e r ,  t h e  a u t h o r  c o n s i d e r s  t h a t  
n o  i n s i g h t ,  b e y o n d  t h e  f a c t  t h a t  t h e  c o e f f i c i e n t s  o f  P ( s )  a n d  F ( s )  a r e  
f u n c t i o n s  o f  t h e  u n k n o w n  p a r a m e t e r s ,  i s  g a i n e d  b y  w r i t i n g  a g a i n  s u c h  
e x p a n s i o n .  
I f  n  i s  t h e  o r d e r  o f  t h e  u n c o m p e n s a t e d  d e n o m i n a t o r  p o l y n o m i a l  
a n d  m  t h e  o r d e r  o f  t h e  c o r r e s p o n d i n g  n u m e r a t o r  a n d  i f  n  ~ m + 2  t h e n  t h e  
o r d e r  o f  t h e  c h a r a c t e r i s t i c  e q u a t i o n  w i l l  b e  n +  1 ;  t h e r e f o r e ,  i t  c a n  b e  
w r i t t e n  a s :  
n + 1  
F ( s )  =  L  
k = o  
k  
G k ( K f K t , Z , P ) S  =  0  
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( 3  - 7 )  
F r o m  t h e  b a s i c  e a u a t i o n s  2 - 3  a n d  2 - 4  a n d  t h e  g i v e n  r o o t  s p e c i f i c a t i o n s  
e x p r e s s e d  i n  p o l a r  f o r m  ( e q u a t i o n  2 - 1 )  t h e  f o l l o w i n g  e q u a t i o n s  c a n  b e  
w r i t t e n :  
n + 1  
L  
k  k  
(  - 1 )  G k  ( K f  I  K t  I  z  I  P ) W  0  u  k  - 1  (  t  )  =  0  
( 3  - 8 )  
k = o  
n + 1  
L  
( - 1 ) k G  ( K f , K  , Z , P ) W  k U  (  } '  ) =  0  
k  t  0  k  
( 3  - 9 )  
k = o  
T h e  e r r o r  c o e f f i c i e n t  s p e c i f i c a t i o n  c a n  b e  e x  p r e s  s e d  i n  a l g e b r a i c  f o r m  
i n  t h e  f o l l o w i n g  w a y :  
l e t  G o c ( s )  b e  t h e  o p e n  l o o p  t r a n s f e r  f u n c t i o n  o f  t h e  c o m p e n s a t e d  s y s t e m ,  
t h e n  
G  ( s )  =  
o c  
m + 1  m  
K e K f ( A
1




) S  +  . • • • . • . .  + A m +
1
z )  
n + 1  n  m + 2  
( Q 1 S  ( Q 1 P + Q 2 ) S  +  . • •  + Q n + 1 P ) K f K t ( A 1 S  +  . . . .  )  
F r o m  t h i s  e x p r e s s i o n  t h e  t h r e e  m o r e  c o m m o n  t y p e s  o f  s y s t e m s  c a n  b e  
d e f i n e d  i n  t e r m s  o f  t h e  c o e f f i c i e n t s  i n  t h e  f o l l o w i n g  w a y :  
T y p e  z e r o  s y s t e m :  Q  n +  
1  
i s  n o t  e q u a l  t o  z e r o  
T y p e  o n e  s y s t e m :  Q  i s  n o t  z e r o  a n d  Q  
1  
i s  e q u a l  t o  z e r o  
n  n +  
T y p e  t w o  s y s t e m :  Q  a n d  Q  
1  
a r e  b o t h  e q u a l  t o  z e r o  
n  n +  
T h e  c o n s t a n t  e r r o r  c o e f f i c i e n t  f o r  a  t y p e  z e r o  s y s t e m  c a n  t h e n  b e  w r i t t e n  a s  
K p  =  l i m  G  ( s )  =  K t m +  1  Z K e  
s~ o c  Q  P  
n + l  
( 3  - 1  O )  
S i m i l a r  e q u a t i o n s  c a n  b e  w r i t t e n  f o r  a  t y p e  o n e  a n d  t y p e  t w o  s y s t e m .  
H o w e v e r ,  t h e y  w i l l  n o t  b e  c o n s i d e r e d  a t  t h i s  p o i n t  d u e  t o  t h e  f a c t  t h a t  
t h e y  a r e  o f  s u c h  a  f o r m  t h a t  a  l i n e a r i z a t i o n  p r o c e d u r e  t o  s o l v e  t h e  s y s t e m  
o f  f o u r  e q u a t i o n s  i n  f o u r  u n k n o w n s  i s  n o t  p o s s i b l e .  O n  t h e  o t h e r  h a n d  
1 6  
t h e  p r o b l e m  c a n  s t i l l  b e  s o l v e d  u s i n g  t h e  i t e r a t i v e  p r o c e d u r e s  o f  
p r o g r a m  F I S D E P  i n  A p p e n d i x  D .  
T h e  g i v e n  s e t  o f  s p e c i f i c a t i o n s  h a s  b e e n  u s e d  t o  f i n d  e q u a t i o n s  3 - 8
1  
3 - 9  a n d  3 - 1 0 .  T h e y  c o n s t i t u t e  a  s e t  o f  t h r e e  e q u a t i o n s  i n  f o u r  u n k n o w n s  
1  
t h e r e f o r e  
1  
a n o t h e r  e q u a t i o n  i s  r e q u i r e d .  T h i s  e q u a t i o n  c a n  b e  a n  
a u x i l i a r y  e q u a t i o n  b y  m e a n s  o f  w h i c h  t h e  d e s i g n e r  c a n  f o r c e  a  s p e c i f i c  
r e a l  r o o t  o f  t h e  s y s t e m  t o  b e  p l a c e d  a t  a  d e t e r m i n e d  l o c a t i o n  
1  
a l l o w i n g  
i n  t h i s  f o r m  t h a t  t h e  g i v e n  r o o t  s p e c i f i c a t i o n  w i l l  h a v e  a t  l e a s t  a  r e a l  
p a r t  l e s s  t h a n  o n e  o f  t h e  r e a l  r o o t s  o f  t h e  s y s t e m  ( f o r  a  s e c o n d  o r d e r  
u n c o m p e n s a t e d  t r a n s f e r  f u n c t i o n  t h i s  p r o c e d u r e  w i l l  i n s u r e  t h e  d o m i n a n c e  
o f  t h e  g i v e n  r o o t  s p e c i f i c a t i o n ) .  U n d e r  t h i s  c o n s i d e r a t i o n  t h e  n e e d e d  
f o u r t h  e q u a t i o n  i s :  
n + 1  
F ( s )  =  L  
k = o  
k  
G k  ( K f  I  K t  I  z  I  P )  ( ) X  
( 3  - 1 1 )  
I f  t h e  c o e f f i c i e n t s  G k  ( K f  I  Z  I  P I  K t )  o f  e q u a t i o n s  3 - 8
1  
3 - 9  
1  
3 - 1 0  a n d  
3 - 1 1  a r e  e x p a n d e d ,  t h e  f o l l o w i n g  m a t r i x  e q u a t i o n  c a n  b e  w r i t t e n :  
d l l  
d l 2  d 1 3  
d l 4  
I  
r l l  
I  c 1  
d 2 1  
d 2 2  
d 2 3  d 2 4  
r z  
c z  
( 1 3 - 1 2 )  
=  
I  
d 3 1  d 3 2  
d 3 3  d 3 4  
r 3  c 3  
d 4 1  
d 4 2  
d 4 3  
d 4 4  
r 4  
L  c  4  
w h e r e :  
r  =  K f K  Z  
l  e  
r z  
= P  
r  =  K  K  
3  f  t  
r  = K K  + K K Z  
4  e  f  f  t  
1 7  
a n d  d  . .  a r e  t h e  c o n s t a n t  c o e f f i c i e n t s  o f  r .  i n  e q u a t i o n  i  ( i  =  3 - 8  I  •  e t c )  
1 )  J  
c .  a r e  t h e  c o n s t a n t  t e r m s  i n  e q u a t i o n  i  ( i  =  3 - 8  I  • • • • • • •  3  - 1 1 )  
1  
E q u a t i o n  3 - 1 2  i s  a  l i n e a r  a l g e b r a i c  m a t r i x  e q u a t i o n  o f  t h e  f o r m  D  .  . r _  =  C .  
- 1  
S o l u t i o n  o f  t h i s  e q u a t i o n  i s  . r .  =  . Q  •  g .  I f  t h e  f o u n d  s o l u t i o n  i s  u s e d  
t o  d e t e r m i n e  t h e  v a l u e s  o f  t h e  u n k n o w n  p a r a m e t e r s  t h e  f o l l o w i n g  t w o  
a l t e r n a t i v e s  r e s u l t :  
K f l  =  ( 1  / 2 K e )  ( r  4 +  ( r  4  2  - 4 r  1  r  3 )  1 / 2 )  
K  - r  / K  
t 1  3  f l  
z 1  =  r  1 / K e K f l  
P  =  r 2  
a l t e r n a t i v e  t w o  
K f 2  =  (r 4 / 2 K e )  ( 1  +  ( r 4 2 - 4 r 1 r 3 ) 1 / 2 )  
K t 2  =  r 3 / K f 2  
2
2  = r 1 / K e K f 2  
P  =  r 2  
T h e  p r o p e r  c h o i c e  o f  e i t h e r  a l t e r n a t i v e  d e p e n d s  m a i n l y  o n  t h e  n u m b e r s  
i n v o l v e d  a n d  s e c o n d l y  o n  t h e  d e s i g n e r  c r i t e r i o n  w h e n  b o t h  s o l u t i o n s  
a r e  p h y s i c a l l y  p o s s i b l e .  O n  t h e  o t h e r  h a n d  i t  m i g h t  b e  p o s s i b l e  t h a t  
n e i t h e r  s o l u t i o n  o n e  n o r  s o l u t i o n  t w o  i s  p h y s i c a l l y  p o s s i b l e  o r  t h a t  t h e  
s y s t e m  b e c o m e s  u n s t a b l e  w i t h  o n e  o r  t h e  o t h e r  s o l u t i o n .  I n  b o t h  c a s e s  
a n o t h e r  c o m b i n a t i o n  o f  c o m p e n s a t o r  d e v i c e s  m i g h t  b e  u s e d .  
A l l  t h e  d e v e l o p m e n t  h a s  b e e n  d o n e  s o  f a r  c o n s i d e r i n g  a n  e x t e r n a l  
l o o p  g a i n  f i x e d ;  h o w e v e r  I  s o m e  p r o b l e m s  m i g h t  r e q u i r e  t r a d i n g  a  v a r i a b l e  
e x t e r n a l  g a i n  
1  
K e  1  b y  a  f i x e d  t r a n s f e r  f u n c t i o n  g a i n  
1  
K f .  O b v i o u s l y  i f  
1 8  
t h i s  i s  t h e  c a s e  t h e  a b o v e  d e v e l o p m e n t  s t i l l  h o l d s  a n d  t h e  s o l u t i o n  o f  
t h e  p r o b l e m  g i v e s  a s  b e f o r e  t w o  a l t e r n a t i v e s ,  i n  w h i c h  t h e  c o m p e n s a t o r  
p o l e  a n d  t h e  t a c h o m e t e r  g a i n  h a v e  t h e  s a m e  n u m e r i c a l  v a l u e  w h i l e  t w o  
v a l u e s  f o r  e x t e r n a l  l o o p  g a i n  a r e  f o u n d  a t  t h e  e x p e n s e  o f  t h e  c o m p e n s a t o r  
z e r o .  T h e  f o l l o w i n g  s o l u t i o n s  c a n  b e  w r i t t e n :  
a l t e r n a t i v e  o n e  
K e l  =  ( r 4 / 2 K f )  ( 1  +  ( r 4 2 - 4 r l r 3 ) 1 / 2 )  
2
1  =  r l / K f K e l  
K  =  r  / K  
t  3  f  
P
- r  
- 2  
a l t e r n a t i v e  t w o  
K e 2  =  ( r 4 / 2 K f )  ( 1 - ( r / - 4 r l r 3 ) 1 / 2 )  
2
2  =  r  l / K f K e 2  
K  =  r  / K  
t  3  f  
P  =  r  
2  
C o n s i d e r i n g  G e l  =  1  a n d  G c
2  
=  ~ :  ~ ,  a  s i m i l a r  d e v e l o p m e n t  a s  t h e  
f o r e g o i n g  c a s e  ( G  c
2  
( s )  =  1 )  c a n  b e  d o n e  a n d  t h e  p r o b l e m  c a n  a g a i n  b e  
s o l v e d  b y  f i n d i n g  a  s o l u t i o n  t o  e q u a t i o n  3 - 1 2  w i t h  t h e  f o l l o w i n g  d e f i n i t i o n s :  
r  l  =  K e K f Z  
r  =  p  
2  
r 3  =  K f K t  
r 4  =  K e K f  +  K f K l  
U n l i k e  t h e  c a s e  w h e r e  t h e  f i l t e r  i s  i n s i d e  t h e  i n t e r n a l  l o o p ,  a  u n i q u e  
s o l u t i o n  i s  o b t a i n e d  i n  t h i s  c a s e .  O n  t h e  o t h e r  h a n d  w h e t h e r  t h e  e x t e r n a  1  
1 9  
g a i n  o r  t h e  t r a n s f e r  f u n c t i o n  g a i n  i s  t h e  v a r i a b l e  I  t h e  e q u a t i o n s  c o n -
t a i n i n g  t h e  u n k n o w n  p a r a m e t e r s  h a v e  t h e  s a m e  f o r m  
1  
t h a t  i s  
p  =  r  
2  
K  =  ( r  - r  P ) / K  
f  4  3  e  
K t  =  r  3 / K f  
Z  =  r  
1
/ K e K f  
A  c o m p u t e r  p r o g r a m  c a p a b l e  o f  h a n d l i n g  a l l  t h e  c a s e s  c o n s i d e r e d  w a s  
w r i t t e n  b y  t h e  a u t h o r  a n d  i s  s h o w n  i n  A p p e n d i x  D .  
2 .  E x a m p l e s  
S e v e r a l  e x a m p l e s  w i l l  s h o w  t h e  f e a s i b i l i t y  o f  u s i n g  t h e  
c o m p u t e r  p r o g r a m  o f  A p p e n d i x  D  f o r  d i f f e r e n t  u n c o m p e n s a t e d  t r a n s f e r  
f u n c t i o n s .  
E x a m p l e  3 . 1  
D e s i g n  a  f i l t e r  c o m p e n s a t o r  a n d  f i n d  v a l u e s  f o r  f o r w a r d  a n d  f e e d b a c k  
g a i n  w h i c h  w i l l  g i v e  t h e  s y s t e m  s h o w n  i n  F i g u r e  3 - 2  a  c o n s t a n t  e r r o r  
c o e f f i c i e n t  o f  2 .  0  a n d  a  p a i r  o f  c o m p l e x  r o o t s  l o c a t e d  a t  ~ =  0 .  5  a n d  
W  =  5 .  0 .  I t  i s  a l s o  s p e c i f i e d  t h a t  a  r e a l  r o o t  b e  l o c a t e d  a t  ( ) _  = - 8 .  0 .  
n  x  
R  ( s )  
K f  C l s  
( 8 + 5 )  ( 8 + 7 )  ( 8 + 1 0 )  ( 8 + 1 2 )  ( 8 + 1 5 )  
K t S  
F i g u r e  3 - 2  
B l o c k  D i a g r a m  f o r  E x a m p l e  3 .  1  
2 0  
I N P L T  DAT A  
S P E C I F I C A T I O N  F O R  ZET~ I S • • • • • • • • • • • • • • • • • • • • • • • •  
o .so~oo E o o  
S P E C I F I C A T I C N  F O R  N A T U R A L  F R E C U E N C V  I S • • • • • • • • • • •  
0 . 5 0 0 0 0 E  0 1  
S P E C I F I C A T I O N  F O R  R E A L  R O O T  I S • • • • • • • • • • • • • • • • • • •  
- o . a o o o o E  0 1  
S P E C I F I C A T I O N  F O R  E R R C R  C O E F F I C I E N T  I S • • • • • • • • • • •  
O .  2 0 0 0 0 E  0 1  
S P E C I F I C A T I O N  F O R  E X T E R N A L  L O OP  G A I N  I S • • • • • • • • • •  
o . s o o o o e  0 1  
CO E F F I C I E N T S  O F  N U M E R A T O R  P O L Y N O M I A L  I N  D E S C E N D I N G  O R D E R  
t J . l O O O O E  0 1  
CO E F F I C I E N T S  O F  D E N O M I N A T O R  P O L Y N O M I A L  I N  D E S C E N D I N G  O R D E R  
O . lC ~ OOE 0 1  0 . 4 9 0 0 0 E  0 2  0 . 9 2 9 0 0 E  0 3  0 . 8 4 9 5 0 E  0 4  
0 . 3 7 3 5 0 E  0 5  0 . 6 3 0 0 0 E  0 5  
R E A L  Z E R O S  O F  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
o . o  
C O M P L E X  C O N J UG A T E S  Z E R O S  O F  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
o . o  
o  • .  
R E A L  P O L E S  O F  T H E  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
- 0 . 5 0 C O O E  0 1  - 0 .  7 0 0 0 0 E  0 1  
- O . l C 0 0 0 E  0 2  
- ,J .  1 2 0 0 0 E  0 2  
- ·J  . 1 5 \ 0 0 E  0 2  
C C M F L E X  C O N J U G A T E S  P O L E S  O F  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
o . o  o . c  
2 1  
O U T P U T  C A T A  
• • • • • • • • • •  
F I L T E R  G U T S I D E  I N T E R N A L  L O O P ,  E X T E R N A L  G A I N  S P E C I F I E D  
F O R W A R D  G A I N • • • • • • • • • • • • • • K =  
TACHC~ETER G A I N • • • • • • • • • • K T •  
C C M P E N S A T O R  P O L E • • • • • • • • • P C =  
CCMPE~SATOR Z E R O • • • • • • • • • Z C •  
C C M P U T E D  E R R O R  C O E F F I C I E N T  I S  =  
0 . 1 0 9 9 5 E  0 5  
o . 4 4 5 1 6 E  o o  
o . 1 4 6 9 9 E  0 1  
0 .  3 3 6 8 9 E  0 1  
o . z o o o o E  0 1  
C O E F F I C I E N T S  O F  T H E  C . E .  I N  A S C E N D I N G  O R D E R  
0 . 2 7 1 8 2 E  0 6  
0  . 1 8 0 0 7 E  0 6  
0 . 5 4 7 3 2 E  0 5  
'  
0 . 9 8 6 0 6 E  0 4  
0 . 1 0 0 1 0 E  0 4  
! l . 5 0 4 7 0 E  0 2  
0 . 1 0 0 0 0 E  0 1  
T H E  C C M F E N S A T E O  S Y S T E M  R O O T S  A R E  
R E A L  P A R T  I M A G I N A R Y  
- 0 . 4 7 1 8 8 E  0 1  0 . 0  
- 0 . 8 0 0 0 1 E  0 1  0 . 0  
- O . l 6 3 7 6 E  0 2  - 0 . 5 1 1 9 7 E  0 1  
- 0 . 1 6 3 1 6 E  0 2  0 . 5 1 1 9 7 E  0 1  
- 0 . 2 5 0 0 0 E  0 1  - 0 . 4 3 3 0 1 E  0 1  
- 0 . 2 5 0 0 0 E  0 1  0 . 4 3 3 0 1 E  0 1  




Example 3 - 2 
s + z 2 0 (8+ 5) (8+8) (8+ 1 0) (8+3 -5j) (8+3+ 5 j) K-'" ~ - - ··----·--· e s + p (8+3. 5) (8+6) (8+9) (8+15) (8+1. 5+3j ) (8+1 . 5 - 3j) 
' 
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Figure 3-3 
Block Diagram for Example 3- 2 
Design a filter compensator and find values for external loop and feedback gains 
which will give the system shown in Figure 3-3 a constant error coefficient of 5. 0 and a 
pair of complex roots located at f = 0 . 5 and W = 5. 0. It is also specified that a real 
n 
root be located at U: = -10.0. 
X 
" ' f T f \  
5 P E C I F I C A T I C N  F O R  Z E T A  I S • • • • • • • • • • • • • • • • • • • • • • • •  
0  •  5 0 0 C O  E  , ) ! \  
S P E C I F I C A T I O N  F O R  N A T U R A L  F R E Q U E N C Y  I S • • • • • • • • • • •  
o . 5 0 0 0 0 E  0 1  
S P E C I F I C A T I O N  F O R  R E A L  R O O T  I S • • • • • • • • • • • • • • • • • • •  - O . l O O O O E  0 2  
S P E C I F I C A T I O N  F O R  E R R O R  C O E F F I C I E N T  I S • • • • • • • • • • •  
o . 5 o o o o e  0 1  
S P E C I F I C A T I O N  F O R  T R A N S F E R  G A I N  I S • • • • • • • • • • • • • • •  
0 . 2 0 0 0 0 E  0 2  
C O E F F I C I E N T S  O F  N U M E R A T O R  P O L Y N O M I A L  I N  D E S C E N D I N G  O R D E R  
O. l C O O O E  0 1  0 . 2 9 0 8 8 E  0 2  0 . 3 4 2 0 0 E  0 3  0 . 2 2 0 2 0 E  0 4  
0 . 8 1 8 0 0 E  C 4  0 . 1 3 6  E  0 5  
C O E F F I C I E N T S  O F  D E N O M I N A T O R  P O L Y N O M I A L  I N  D E S C E N D I N G  O R D E R  
O . l O O O O E  0 1  0 . 3 6 5 0 0 E  0 2  0 . 4 9 5 7 5 E  0 3  0 . 3 3 1 5 4 E  0 4  
O . l 2 5 1 4 E  0 5  0 . 2 8 6 0 3 E  0 5  0 . 3 1 8 9 4 E  0 5  
R E A L  Z E R O S  O F  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
- 0 .  5 0 0 0 0 E  0 1  
- o . e o o o o E  0 1  
- O . l O O O O E  0 2  
C O M P L E X  C O N J U G A T E S  Z E R O S  O F  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
- 0 . 3 0 0 0 0 E  0 1  
0 . 5 0 0 0 0 E  0 1  
R E A L  P O L E S  O F  T H E  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
- 0 . 3 5 C O O E  0 1  - 0 . 6 0 0 0 0 E  0 1  
- 0 . 9 0 0 0 0 E  0 1  - O . l 5 0 0 0 E  0 2  
C O M P L E X  C O N J U G A T E S  P O L E S  O F  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
- 0  . l S O O O E  0 1  ·  0 .  3 0 0 0 0 E  0 1  
2 4  
~: 
G U T P U T  C~T A 
* * * * * *  * * * *  
F I L T E R  O U T S I D E  I N T E R N A L  L O O P ,  T R A N S F E R  G A I N  S P E C I F I E D  
E X T E R N A L  G A I N • • • • • • • • • • • • • K =  0 . 7 4 4 3 9 E  0 0  
T A C H O M E T E R  G A I N • • • • • • • • • • K T =  0 . 7 8 7 5 7 E  l 1  
C O M P E N S A T O R  P O L E  • • • • • • • • •  P C =  n . 1 1 6 4 8 E  0 0  
C C M P E N S A T O R  Z E R O  • • • • • • • • •  Z C =  ~.78757E 0 1  
C C M P U T E O  E R R O R  C O E F F I C I E N T  I S =  0 . 5 0 0 r O E  0 1  
· c o E F F I C I E N T S  O F  T H E  C . E .  I N  A S C E N D I N G  O R D E R  
0 . 1 9 1 3 t E  0 7  0 . 6 3 4 7 2 E  0 6  0 . 1 5 3 7 4 E  0 6  
O .  4 5 6 6 7 E  0 5  
0 . 8 2 7 2 7 E  0 4  
0 . 8 6 0 7 4 E  0 3  
0 . 6 1 3 8 7 E  0 2  
0 . 3 3 2 9 5 E  0 1  
T H E  CC~FENSATEO S Y S T E M  R O O T S  A R E  
R E . 6 l  P A R T  
I P I A G I N A R Y  
-0.~1883E 0 1  o . c  
0 . 1 1 7 6 0 E  0 1  
- 0 . 4 0 2 6 0 E  0 1  
O . l l 7 6 0 E  0 1  
0 . 4 0 2 6 0 E  0 1  
- 0 . 6 4 4 1 1 E  0 1  
- 0 . 3 1 5 4 1 E  0 1  
- 0  •  6  4 4 1  1  E  0  1  
0 . 3 1 5 4 1 E  0 1  
- O . l 3 5 9 4 E  0 1  
- O . l 0 9 8 0 E  0 2  
- 0 . 1 3 5 9 4 E  0 1  
O . l 0 9 8 0 E  0 2  
2 5  
N 
0) 
Exampl e 3 - 3 
'l 
I 
+ 8 + Z I I K (8+ 9 0) 
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Figure 3- 4 
Block Diagram for Example 3-3 
Design a filter compensator and find values for forward and feedback gains which 
will g ive the s y ste m s hown in Figure 3-4 a constant error coefficient of 0. 5 and a pair 
of complex roots located at ~ = 0. 5 and W = 2 0. 0. It is also specified that a real 
n 
root be located at cr = -100 . 0. 
X 
C (s) 
I~ P U T D ~ TA 
S P E C I F I C A T I O N  F O R  Z E T A  I S • • • • • • • • • • • • • • • • • • • • • • • •  
O . S O O O O E  0 0  
S P E C I F I C A T I O N  F O R  N A T U R A L  F R E Q U E N C Y  I S • • • • • • • • • • •  0 . 2 0 0 0 0 E  0 2  
S P E C I F I C A T I O N  F O R  R E A L  R O O T  I S • • • • • • • • • • • • • • • • • • •  - O . l O O O O E  0 3  
S P E C I F I C A T I O N  F O R  E R R O R  C O E F F I C I E N T  I S • • • • • • • • • • •  O . S O O O O E  0 0  
S P E C I F I C A T I O N  F O R  E X T E R N A L  L O O P  G A I N  I S • • • • • • • • • •  
0 . 3 0 0 0 0 E  0 1  
C O E F F I C I E N T S  O F  NUMER~TOR P O L Y N O M I A L  I N  D E S C E N D I N G  O R D E R  
O . l OOO O E  0 1  O.~OOOOE 0 2  
C O E F F I C I E N T S  O F  D E N O M I N A T O R  P O L Y N O M I A L  I N  D E S C E N D I N G  O R D E R  
0 . 1 0 0 0 0 E  0 1  0 . 2 0 8 0 0 E  0 3  O . l l 4 7 5 E  0 5  0 . 7 6 7 0 0 E  0 6  
O . l 8 9 7 2 E  0 8  0 . 2 6 3 8 2 E  o g  O . l 8 9 9 0 E  1 0  0 . 5 4 0 0 0 E  1 0  
R E A L  Z E R O S  O F  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
- o .~ooooE 0 2  
C O M P L E X  CO N J U G A T E S  Z E R O S  O F  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
o . o  
o . o  
R E A L  F O L E S  O F  T H E  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
- o . e o o o o e  o t  
- O . l 5 0 0 0 E  0 2  
- 0 .  2 0 0 0 0  E  0 2  
- o . 2 s o o o E  o z  
- 0 . 3 0 0 0 0 E  0 2  
- 0 . 5 0 0 0 0 E  0 2  - 0 . 6 0 0 0 0  E  0 2  
CC~PLEX C O N J U G A T E S  P O L E S  O F  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
o . o  
o . o  
2 7  
O U T P U T  D A T A  
• • • • • • • • • •  
F I L T E R  I N S I D E  I N T E R N A L  L O O P ,  E X T E R N A L  G A I N  S P E C I F I E D  
C H O I C E  O N E  
F O R W A R D  G A I N • • • • • • • • • • • • • • K =  0 . 1 2 2 3 0 E  0 9  
TACHO~ETER G A I N • • • • • • • • • • K T =  0 . 2 6 4 8 0 E  0 0  
C O M P E N S A T O R  P O L E • • • • • • • • • P C =  0 . 9 9 6 0 0 E  0 2  
C G M P E h S A T O R  Z E R O • • • • • • • • • Z C =  0 . 8 1 4 3 8 E  0 1  
C O M P U T E D  E R R O R  C O E F F I C I E N T  I S  =  O . S O O O O E  0 0  
C O E F F I C I E N T S  O F  T H E  C . E .  I N  A S C E N D I N G  O R D E R  
0 . 8 0 6 7 6 E  1 2  0 . 2 5 4 2 9 E  1 2  0 . 3 1 7 2 1 E  1 1  
0 . 2 1 8 5 9 E  1 0  
o . 9 5 3 6 5 E  o a  
0 . 2 5 0 7 5 E  0 7  
0 . 3 8 1 9 2 E  0 5  
0 . 3 0 7 6 0 E  0 3  O . l O O O O E  0 1  
T H E  C C M P E N S A T E D  S Y S T E M  R O O T S  A R E  
R E A L  P A R T  I M A G I N A R Y  
- 0 . 8 0 8 4 3 E  0 1  0 . 0  
- O . l l 7 5 8 E  0 2  0 . 0  
- O . l O O O O E  0 2  O . l 7 3 2 0 E  0 2  
- O . l O O O O E  0 2  - O . l 7 3 2 0 E  0 2  
- 0 . 7 1 1 3 2 E  0 2  0 . 0  
- 0 . 4 8 3 1 2 E  0 2  0 . 2 5 4 7 3 E  0 2  
- 0 . 4 8 3 1 2 E  0 2  - 0 . 2 5 4 7 3 E  0 2  
- 0 . 9 9 9 9 9 E  0 2  0 . 0  
2 8  
C H O I C E  T W O  
FCRW~~C G A I N • • • • • • • • • • • • • • K =  
0 . 8 7 9 1 4 E  ~) 8 
l A C H C M E T E R  G A I N • • • • • • • • • • K T =  
0 . 3 6 8 3 8 E  0 0  
CCMPE~S~TOR P O L E • • • • • • • • • P C =  
0 . 9 9 6 0 ' l E  0 2  
C C M P E N S A T O R  Z E R O  • • • • • • • • •  Z C =  
O . l l 3 2 9 E  1 ' ) 2  
C C M P U T E O  E R R O R  C O E F F I C I E N T  I S  =  
0 . 5 0 0 0 0 E  0 0  
C O E F F I C I E N T S  O F  T h E  C . E .  
I N  A S C E N D I N G  O R D E R  
0 .  8 0 6 7 6 E  1 2  
0 . 2 5 4 2 9 E  1 2  
o . 3 1 7 2 1 E  1 1  
0 . 2 1 8 5 9 E  1 0  
0 . 9 5 3 6 5 E  0 8  
0 .  2 5 0 7 5 E  0 7  
0 . 3 8 1 9 2 E  0 5  
0 .  3 0 7 6 0 E  0 3  O . l O O O O E  0 1  
T H E  CC~PENSATEO S Y S T E M  R O O T S  A R E  
R E A L  P A R T  
I M A G I N A R Y  
- 0 . 8 0 8 4 3 E  0 1  
o . o  
- O . l l 7 5 8 E  0 2  
o . o  
- O . l O O O O E  0 2  
o . t 7 3 2 0 E  0 2  
- O . l O O O O E  0 2  
- 0 . 1 7 3 2 0 E  0 2  
- 0 . 7 1 1 3 2 E  0 2  
o . o  
- 0 . 4 8 3 1 2 E  0 2  
0 . 2 5 4 7 3 E  0 2  
- 0 . 4 8 3 1 2 E  0 2  
- 0 . 2 5 4 7 3 E  0 2  
- 0 . 9 9 9 9 9 E  0 2  
o . o  
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Figure 3-5 
Block Diagram for Example 3-4 
Design a filter compensator and find values for ex ternal and feedback gain which 
w ill give the system shown in Figure 3-5 a constant error coefficient of 0. 2 and a pair 
of complex roots located at r = 0. 5 and w = 4. 0. It is also specified that a real root 
n 
be located at ([ = -15.0. 
X 
C (s) 
I N P U T  C~TA 
S P E C I F I C A T I O N  F O R  ZET~ I S • • • • • • • • • • • • • • • • • • • • • • • •  
n .  s o o o o  E  o o  
S P E C I F I C A T I O N  F O R  N A T U R A L  F R E Q U E N C Y  I S • • • • • • • • • • •  
0 . 4 0 0 0 0  E  0 1  
S P E C I F I C A T I O N  F O R  R E A L  R O O T  I S • • • • • • • • • • • • • • • • • • •  - O . l 5 0 0 0 E  0 2  
S P E C I F I C A T I O N  F O R  E R R O R  C O E F F I C I E N T  I S • • • • • • • • • • •  
0  •  2 0 0 0 0  E  c r t  
S P E C I F I C A T I O N  F O k  T R A N S F E R  G A I N  I S • • • • • • • • • • • • • • •  
O . S O OO O E  0 6  
C O E F F I C I E N T S  O F  N U M E R A T O R  P O L Y N O M I A L  I N  D E S C E N D I N G  O R D E R  
O . l O O O O E  0 1  0 . 4 0 0 0 0 E  0 1  D . l 0 4 0 0 E  0 3  
C O E F F I C I E N T S  O F  DE N O M I N A T O R  P O L Y N O M I A L  I N  D E S C E N D I N G  O R D E R  
O . l O O O O E  0 1  0 . 6 9 0 0 0 E  0 2  0 . 2 1 5 2 2 E  0 4  0 . 3 9 9 7 0 E  0 5  
0 . 4 8 6 3 6 E  0 6  0 . 4 0 0 9 4 E  0 7  0 . 2 2 3 5 6 E  0 8  0 . 8 1 1 0 0 E  0 8  
O . l 7 1 7 9 E  0 9  0 . 1 5 7 6 4 E  0~ 
R E A L  Z E R O S  O F  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
o . o  
CG~PLEX C O N J U G A T E S  Z E R O S  C F  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
- 0 . 2 0 0 0 0 E  0 1  
O . l O O O O E  0 2  
R E A L  P O L E S  O F  T H E  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
- 0 . 3 0 0 0 0 E  0 1  
- 0 . 6 0 0 0 0 E  0 1  
- o .  9 o o o o  E  o  1  - n . t z o o o e  0 2  
- 0 . 1 4 0 0 0 E  0 2  
CO~PLEX C O N J U G A T E S  P O L E S  O F  U N C O M P E N S A T E D  T R A N S F E R  F U N C T I O N  
- o . a o o o o E  0 1  o . a o o o o E  0 1  - Q . 4 5 0 0 0 E  0 1  \ ) .  5 0 0 0 0  E  0 1  
3 1  
O U T P U T  D A T A  
• • • • • • • • • •  
F I L T E R  I N S I D E  I N T E R N A L  L O O P ,  T R A N S F E R  G A I N  S P E C I F I E D  
C H C I C E  O N E  
EXTE~NAL G A I N • • • • • • • • • • • • • K =  
O . l 8 8 0 8 E  Q l  
T A C H O M E T E R  G A I N e • • • • • • • • • K T =  O . l l 5 1 4 E  0 0  
CCMPE~SATOR P O L E  • • • • • • • • •  P C =  
0 . 5 8 9 9 5 E  ~ 1 
C G M P E N S A T O R  Z E R O • • • • • • • • • Z C =  
0 . 1 9 0  l 8 E  0 1  
C C M P U T E C  E R R O R  C O E F F I C I E N T  I S  =  
o . 2 o o o o E  o o  
C O E F F I C I E N T S  O F  T H E  C . E .  I N  A S C E N D I N G  O R D E R  
0 . 1 1 1 6 0 E  1 0  
O . l 2 8 7 4 E  1 0  
O e 6 6 2 2 0 E  0 9  
0 . 2 1 4 2 7 £  0 9  
0 . 4 6 0 6 7 E  0 8  
0 . 6 8 7 8 6 E  0 7  
0 . 7 2 2 1 6 E  0 6  
0 . 5 2 6 6 7 E  0 5  
0 . 2 5 5 9 3 E  0 4  
o . 7 4 8 9 9 E  0 2  
0 . 1 0 0 0 0 E  0 1  
T H E  C O M P E N S AT E D  S Y S T E M  R OOT S  AR E  
RE~L P A R T  
I M A G I N A R Y  
R E A L  P A R T  
I M A G I N A R Y  
- 0 . 2 2 1 3 2 E  0 1  
-o . o  ·  
- 0 . 1 5 0 0 3 E  0 2  
o . o  
- O . l 3 4 9 3 E  0 2  
- o  •  3 8 6 6 9 E  0 1  
- o  . 1 3 4 9 3 E  0 2  
0 . 3 8 6 6 9 E  0 1  
- 0 . 2 0 0 0 0 E  0 1  
- 0 . 3 4 6 4 1 E  0 1  
- o . 2 o o o o E  0 1  
O e 3 4 6 4 1 E  0 1  
- 0 . 4 7 3 2 0 E  0 1  
- 0 . 6 9 3 5 3 E  0 1  
- 0 .  4  7  3  2 0  E  0  1  
0 . 6 9 3 5 3 E  0 1  
- 0 . 8 6 1 6 1 E  0 1  
- 0 . 8 7 7 6 6 E  0 1  
- 0 . 8 6 1 6 1 E  0 1  
t 1 .  8 7 7 6 6 E  0 1  
3 2  
C H O I C E  T W O  
E X T E R N A L  G A I N • • • • • • • • • • • • • K =  
0 . 2 1 8 9 7 E  0 0  
TACHC~ETER G A I N  • • • • • • • • • •  K T =  
O . l l 5 1 4 E  0 0  
COMPENS~TOR P O L E  • • • • • • • • •  P C =  
0 . 5 8 9 9 5 E  0 1  
COMPE~SATOR Z E R O  • • • • • • • • •  Z C =  
0 . 1 6 3 3 5 E  0 2  
C O M P U T E D  E R R O R  C O E F F I C I E N T  I S  =  
0 . 2 0 0 0 0 E  0 0  
C O E F F I C I E N T S  O F  T H E  C . E .  
I N  A S C E N D I N G  O R D E R  
O . l l 1 6 0 E  1 0  
0 . 1 2 8 7 4 E  1 0  
0 . 6 6 2 2 0 E  0 9  
o .  2 1 4 2 7 E  o c ;  
0 . 4 6 0 6 7 E  0 8  
0 . 6 8 7 8 6 E  0 7  
0 . 7 2 2 1 6 E  0 6  
O .  5 2 6 6 7 E  0 5  
0 . 2 5 5 9 3 E  0 4  
0 . 7 4 8 9 9 E  0 2  
0 . - 1 0 0 0 0 E  0 1  
T H E  C O M P E N S A T E D  S Y S T E M  R O O T S  A R E  
R E A L  P A R T  
I M A G I N A R Y  
R E A L  P A R T  
I M A G I N A R Y  
- 0 . 2 2 1 3 2 E  0 1  
o . o  
- O . l 5 0 0 3 E  0 2  
o . o  
- O . l 3 4 9 3 E  0 2  
- 0 . 3 8 6 6 9 E  0 1  
- O . l 3 4 9 3 E  0 2  
0 . 3 8 6 6 9 E  0 1  
- 0 . 2 0 0 0 0 E  0 1  
- 0 . 3 4 6 4 l E  0 1  
- 0 . 2 0 0 0 0 E  0 1  
0 . 3 4 6 4 1 E  0 1  
- 0 . 4 7 3 2 0 E  0 1  
- 0  •  6  9  3  5  3  E  0  1  
- 0 . 4 7 3 2 0 E  0 1  
0 . 6 9 3 5 3 E  0 1  
- o .  8 6 l 6 1 E  o  1  
- o . 8 7 7 6 6 E  0 1  
- o .  8 6 1 6 1  e  o  1  
o . a 7 7 6 6 E  0 1  
3 3  
B .  R O O T S  A N D  S E N S I T I V I T Y  S P E C I F I C A T I O N S  
T h e  p r o b l e m  o f  d e s i g n ,  a s  w a s  s t a t e d  i n  s e c t i o n  A ,  r e q u i r e s  a s  
f i n a l  s t e p  t h e  s e l e c t i o n  b y  t h e  d e s i g n e r  o f  t h e  
1 1  
b e s t ,  s y s t e m  i f  m o r e  t h a n  
o n e  s a t i s f i e s  t h e  s p e c i f i c a t i o n s .  T h e  ,  b e s t ,  s y s t e m  c a n n o t  b e  d e f i n e d  
b y  a  s i m p l e  s t a t e m e n t .  A  g i v e n  s e t  o f  s p e c i f i c a t i o n s  c a n  g i v e  o n e  o r  
m o r e  s o l u t i o n s  1  a n d  i f  a l l  o f  t h e m  a r e  p h y s i c a l l y  p o s s i b l e  t h e  s e l e c t i o n  
o f  t h e  
1 1
b e s t
1 1  
s y s t e m  p r o b a b l y  w i l l  b e  m a d e  t a k i n g  i n t o  a c c o u n t  c o s t ,  
a v a i l a b i l i t y  o f  m a t e r i a l s ,  e t c .  
I t  i s  p o s s i b l e  f o r  t h e  d e s i g n e r  t o  c h o o s e  a  s y s t e m  i n  w h i c h  t h e  
d o m i n a n t  r o o t ,  f o r  e x a m p l e ,  s a t i s f i e s  t h e  r e q u i r e d  t i m e  r e s p o n s e  b u t  
s m a l l  v a r i a t i o n s  o f  a  s y s t e m  p a r a m e t e r  c h a n g e  i t s  l o c a t i o n  t o  p o s i t i o n s  
i n  w h i c h  i t  i s  n o t  d o m i n a n t  a n y m o r e  o r  m a k e s  t h e  s y s t e m  u n s t a b l e .  
T h e r e f o r e ,  i t  s e e m s  o b v i o u s  t h a t  a  k n o w l e d g e  o f  t h e s e  v a r i a t i o n s  w i l l  
h e l p  t h e  d e s i g n e r  c h o o s e  t h e  
1 1
b e s t
1 1  
s y s t e m .  
O n e  o f  t h e  m a n y  d e f i n i t i o n s  o f  s e n s i t i v i t y  i s  [ 4 ] :  T h e  s e n s i t i v i t y  
o f  P  w i t h  r e s p e c t  t o  Q  i s  t h e  p e r c e n t a g e  c h a n g e  i n  P  d i v i d e d  b y  t h a t  
p e r c e n t a g e  c h a n g e  i n  Q  w h i c h  c a u s e s  t h e  c h a n g e  i n  P ,  w i t h  a l l  c h a n g e s  
c o n s i d e r e d  d i f f e r e n t i a l l y  s m a l l .  
s P  =  
Q  
d  ( 1 n P )  
d  ( 1 n Q )  
=  
d P / P  
d Q / Q  
=  
Q  ( d P / d Q )  
p  
( 3  - 1 3 )  
K o k o t o v i c  a n d  S i l j a k  [ 5 ]  d e v e l o p e d  a l g e b r a i c  e q u a t i o n s  t o  a p p l y  
t h e  c o n c e p t  o f  s e n s i t i v i t y  a s  a  m e a s u r e  o f  t h e  q u a l i t y  o f  t h e  s y s t e m .  
T h e y  u s e d  t h e  m i c r o s c o p i c  d e f i n i t i o n  o f  e q u a t i o n  3 - 1 3  a n d  t h e  g e n e r a l -
i z e d  M i t r o v i c  e q u a t i o n s ,  e q u a t i o n s  2 - 3  a n d  2 - 4 ,  t o  d e v e l o p  a l g e b r a i c  
s e n s i t i v i t y  e q u a t i o n s  o f  a  s y s t e m  d o m i n a n t  r o o t s  w i t h  r e s p e c t  t o  a  
3 4  
s y s t e m  p a r a m e t e r .  I f  t h e  p a r a m e t e r  c o n s i d e r e d  i s  t h e  s y s t e m  g a i n  I  K f  I  
t h e  e q u a t i o n s  c a n  b e  w r i t t e n  a s  f o l l o w s :  
w h e r e  
D =  
r  
s  = -
K f  
W n _  - K  
S K f  - f  
A 1  
8 1  
A 2  8 2  
w  
D K f  
D  
D r =  
K f  
A 1  
A 2  
n  k  k  
A 1  =  2 : =  ( - 1 )  ~ w  n  u k - 1  (  ' 1 )  
k = o  
n  
8  =  
L  (  - 1 )  k  A  w  k u ,  (  ~ )  
1  
k  n  k - 1  
k = o  
n  k  
c  1  =  L  ( - 1 )  ( ) A k  k  
k = o  o K  W  n  U k - 1  (  ' f  )  
f  
c 1  
c 2  
D W n  - I  C 1  
K f  -
c 2  
n  
( 3  - 1 4 )  
( 3 - 1 5 )  
8 1  
8 2  
A  =  
2  
L  ( - 1 ) k K A k  w  n  k u k  (  1 )  
k = o  
n  
8  =  L  (-1)k~ w  k u ,  (  r )  
2  n  k  
k = o  
n  k  ()~ 
c  .  =  \  (  - 1 )  - w k  u  (  1  )  
~ ~ ' O K f  n  k  
k = o  
a n d  U k _  (  r )  I  U k _  (  1 ' )  a r e  t h e  d e r i v a t i v e s  o f  u k  (  r )  a n d  u k - 1  (  ~) a n d  
a r e  r e l a t e d  b y  t h e  e q u a t i o n  
' · '  
k - 1  k  
U k _  (  r )  =  -
2  
(  r  k - 2  u k - 1  (  ' r )  +  K - 2  u k - 2  (  T )  )  
E q u a t i o n s  3 - 1 4  a n d  3 - 1 5  c o n s t i t u t e  t h e  r e q u i r e d  e q u a t i o n s  t o  b e  u s e d  i n  
a  d e s i g n  p r o b l e m  i n  w h i c h  r o o t  s e n s i t i v i t y  i s  a  s p e c i f i c a t i o n .  T h e y  h a v e  
t o  b e  u s e d  i n  c o n j u n c t i o n  w i t h  r o o t  s p e c i f i c a t i o n  I  t h a t  i s  
1  
r o o t  s e n s i t i v i t y  
s p e c i f i c a t i o n  i s  n o t  i n d e p e n d e n t  o f  r o o t s  s p e c i f i c a t i o n .  
3 5  
1 .  G e n e r a l  S t a t e m e n t  o f  t h e  P r o b l e m  
D e s i g n  t h e  a d e q u a t e  c o m p e n s a t o r  d e v i c e s  r e q u i r e d  t o  g i v e  
( f o r  a  s p e c i f i c  t r a n s f e r  f u n c t i o n )  a  c l o s e d  l o o p  t i m e  r e s p o n s e  d e t e r m i n e d  
b y  r o o t  l o c a t i o n s  a t  ' f  =  < f . .  •  
1  
W  =  W  .  I t  i s  f u r t h e r  r e q u i r e d  t h a t  c h a n g e s  
n  o  
i n  s y s t e m  g a i n  b y  X  p e r c e n t a g e  s h o u l d  n o t  c h a n g e  < f  b y  m o r e  t h a n  Y  
p e r c e n t a g e .  
T h e  s t a t e m e n t  o f  t h e  p r o b l e m  i m p l i e s  t h r e e  s p e c i f i c a t i o n s  I  
n a m e l y  d a m p i n g  r a t i o  
1  
n a t u r a l  f r e q u e n c y  a n d  s e n s i t i v i t y .  T h e r e f o r e  I  
c o n s i d e r i n g  t h e  s y s t e m  g a i n  a s  a  p a r a m e t e r  
1  
c o m p e n s a t o r  d e v i c e s  w i t h  
t w o  u n k n o w n  p a r a m e t e r s  m u s t  b e  i n s e r t e d  i n t o  t h e  s y s t e m  i n  o r d e r  t o  
s a t i s f y  t h e  s p e c i f i c a t i o n s .  T h e n  t h e  a p p l i c a t i o n  o f  e q u a t i o n s  2 - 3  I  2 - 4  
a n d  3 - 1 4  g i v e  a  s e t  o f  t h r e e  n o n l i n e a r  a l g e b r a i c  e q u a t i o n s  i n  t h r e e  
u n k n o w n s  I  a s  r e q u i r e d  f o r  s o l u t i o n .  S e v e r a l  c o m b i n a t i o n s  o f  c o m  p e n -
s a t o r  d e v i c e s  i n  c a s c a d e  a n d / o r  f e e d b a c k  m a y  b e  u s e d .  T y p i c a l  
c o m b i n a t i o n s  a r e  a c c e l e r a t i o n  a n d  t a c h o m e t e r  f e e d b a c k  
1  
o r  o n e  o r  m o r e  
i d e n t i c a l  s e c t i o n s  o f  f i l t e r  i n  c a s c a d e .  I f  a c c e l e r a t i o n  a n d  t a c h o m e t e r  
f e e d b a c k  a r e  u s e d  t h e  c h a r a c t e r i s t i c  e q u a t i o n  o f  a n  n  o r d e r  u n c o m p e n -
s a t e d  s y s t e m  ( a s s u m i n g  n  : = : : ; . 2 )  h a s  t h e  f o l l o w i n g  f o r m :  
n  
F  ( s )  =  
L  
k = o  
k  
G k ( K f 1 Kt
1
K a ) S  =  0  
R e p l a c i n g  3 - 1 6  i n  2 - 3
1  
2 - 4  a n d  3 - 1 4  w i t h  
s < i "  
K f  
Y %  
X %  
=  
C o n s t a n t =  S  
e  
3 6  
( 3 - 1 6 )  
t h e  f o l l o w i n g  e q u a t i o n s  c a n  b e  w r i t t e n  
s  =  -
e  
n  
~ ( - 1 ) k G  ( K  
L  k  f
1  
k = o  
k  
K  I  K  ) w  u k  
1  
(  ~.) =  o  
t  a  o  -
n  
L  ( - 1 ) k G k ( K f l  K t K a ) W o k u k (  ~.) =  o  
k = o  
( 3  - 1  7 )  
( 3  - 1 8 )  
( 3 - 1 9 )  
A n a l y t i c a l  s o l u t i o n  o f  e q u a t i o n s  3 - 1 7
1  
3 - 1 8  a n d  3 - 1 9  b y  h a n d  i s  
1  
i f  n o t  
i m p o s s i b l e  ( i t  c a n  b e  d o n e  f o r  v e r y  s i m p l e  s y s t e m s )  a t  l e a s t  d i f f i c u l t  
a n d  t i m e  c o n s u m i n g  I  b u t  i f  a  d i g i t a l  c o m p u t e r  i s  a v a i l a b l e  t h e  n u m e r i c a l  
s o l u t i o n  i s  f a s t  a n d  a c c u r a t e .  
A  d i g i t a l  c o m p u t e r  p r o g r a m  c a p a b l e  o f  h a n d l i n g  t h i s  p r o b l e m  
i s  p r e s e n t e d  b y  t h e  a u t h o r  i n  A p p e n d i x  D .  
E x a m p l e  3 .  5  
D e t e r m i n e  t h e  f o r w a r d  
1  
a c c e l e r a t i o n  a n d  t a c h o m e t e r  g a i n s  o f  t h e  s y s t e m  
s h o w n  i n  F i g u r e  3 - 6  s u c h  t h a t  t h e  c l o s e d  l o o p  s y s t e m  h a s  a  p a i r  o f  p o l e s  
a t  ~. =  0 .  5  a n d  W  =  5 .  0 .  I t  i s  a l s o  r e q u i r e d  t h a t  i f  v a r i a t i o n s  o f  g a i n  
0  
a r e  1 0 %  t h e  c o r r e s p o n d i n g  o f  9 ' .  b e i n g  5 % .  
R  ( s )  ! C i l  t c u  = t - i ' - - - - -
I  
'  
l . .  ~ · - ·----~--· 
F i g u r e  3 .  6  
K f  
S  ( S +  1 .  5 )  ( S + 4 .  5 )  
K  s
2  
. Q  
·-~'-- -~~~ · - '  
B l o c k  D i a g r a m  f o r  E x a m p l e s  3 .  5  a n d  3 .  6  
3 7  
I  
_ _  _ j  
I n  o r d e r  t o  b e  a b l e  t o  u s e  t h e  c o m p u t e r  p r o g r a m  s o m e  p r e l i m i n a r y  c a l c u -
l a t i o n s  a r e  r e q u i r e d .  
T h e  o p e n  l o o p  t r a n s f e r  f u n c t i o n  c a n  b e  w r i t t e n  
G ( s )  
K f  
=  
G  ( s )  =  
0  
1  +  G ( s )  ( K  8
2  
+  K  8  8
3
+ ( 6 + K f K  ) 8
2
+ ( 6 .  7 5 + K f K  ) 8  
a  t  a  t  
T h e  c l o s e d  l o o p  t r a n s f e r  f u n c t i o n  i s  
G  ( s )  
0  
=  
K f  
g _ ( § l  =  
R ( s )  




+ ( 6 + K  K  ) 8
2
+ ( 6 .  7 5 + K  K  ) 8 + K  
f  a  f  t  f  
T h e r e f o r e  t h e  c h a r a c t e r i s t i c  e q u a t i o n  c a n  b e  w r i t t e n  a s  
w h e r e  
3  2  
C E  ( s )  =  A ( 4 )  8  +  A ( 3 )  8  +  A ( 2 )  8  +  A ( 1 )  
A ( 4 )  =  1 .  0  
A ( 3 )  =  6 .  0  +  K f K a  =  6 .  0  +  X Z  
A ( 2 )  =  6 . 7 5  +  K { t  =  6 . 7 5  + X Y  
A ( l )  =  K  = X  
f  
t a k i n g  t h e  p a r t i a l  d e r i v a t i v e s  o f  t h e  a b o v e  c o e f f i c i e n t s  w  . r .  t . X  ( K f )  
A D  ( 4 )  =  0 .  0  
A D ( 3 )  =  Z  
A D  ( 2 )  =  Y  
A D  ( 1 )  =  1 .  0  
T h e s e  a r e  t h e  b a s i c  c a l c u l a t i o n s  r e q u i r e d  a s  i n p u t  t o  t h e  p r o g r a m  i n  
A p p e n d i x  D  I  h o w e v e r  I  t h e  d e t a i l s  c o n c e r n i n g  i t s  u s e  a r e  e x p l a i n e d  i n  
t h e  p r o g r a m  i t s e l f .  
3 8  
T w o  s o l u t i o n s  t o  t h i s  p r o b l e m  a r e  s h o w n  i n  t h e  f o l l o w i n g  p a g e s .  
I n  b o t h  s o l u t i o n s  t h e  s p e c i f i c a t i o n s  a r e  e x a c t l y  s a t i s f i e d .  H o w e v e r  
1  
i n  t h e  f i r s t  o n e  t h e  r e a l  r o o t  t h a t  t h e  d e s i g n e r  d o e s  n o t  w a n t  t o  b e  
d o m i n a n t  i s  l o c a t e d  a t  ( { _  =  - 4 .  5 0  w h i l e  i n  t h e  s e c o n d  o n e  t h a t  r o o t  
X  
i s  l o c a t e d  a t  0  =  - 2 1 . 2  5 .  T h e r e f o r e  
1  
i t  i s  o b v i o u s  t h a t  b e t w e e n  t h e s e  
X  
s o l u t i o n s  ( t h e  s y s t e m  m a y  h a v e  o t h e r  s o l u t i o n s )  s o l u t i o n  # 2  s h o u l d  b e  
b e t t e r .  I t  i s  w o r t h w h i l e  t o  n o t e  t h a t  t h e  i n i t i a l  v a l u e s  f o r  t h e  u n k n o w n  
p a r a m e t e r s  a r e  q u i t e  d i f f e r e n t  f r o m  t h e  a c t u a l  o n e s .  H o w e v e r  
1  
a  g o o d  
g u e s s  i m p l i e s  l e s s  i t e r a t i o n s  a n d  t h e r e f o r e  l e s s  t i m e  o f  c a l c u l a t i o n .  
3 9  
I N P U T  D A T A  
• • • • • • • • •  
I N I T I A L  V A L U E S  F O~ U N K N O W N  P A R A M E T E R S  A R E  
0 . 6 0 0 0 0 0  G 3  
0 . 2 4 0 0 0 D  0 0  o . 4 o o o o  o - o  1  
0 . 3 0 0 0 0 0  c c  
S P E C I F I C A T I O N  F O R  B A ND W I D T H  I S  
NO NE  
S P E C I F I C A T I O N  F O R  E R R OR  C O E F F I C I E N T  I S  NO NE  
S P E C I F I C A T I O N  F C R  R O O T  S E N S I T I V I T Y  I S  
0 . 2 0 0 0 0 0  0 0  
S P E C I F I C A T I O N  F O R  D A M P I N G  R A T I O  I S  
o .  5 0 0 0 0 0  0 0  
S P E C I F I C A T I O N  F O R  NA T U R A L  F R E Q U E N C Y  I S  
0 . 5 0 0 0 0 0  0 1  
O U T P U T  D A T A  
* * * * * *  * * * *  
! . U N K N O W N  P AR A M E T E R S  
F O R W A R D  G A I N  I S  
0 . 5 3 1 2 5 0  0 3  
T A C H O M E T E R  GA I N  I S  
0 . 2 3 4 3 5 0  0 0  
A C C E L E R A T I O N  G A I N  I S  
0 . 3 8 1 1 8 0 - 0 1  
N U M B E R  O F  ITERATIO~S I S  
6 5  
4 0  
, .  
I I . C A L C U L A T E D  S P E C I F I C A T I O N S  
- - - - - - - - - - - - - - - - - - - - - - - - - - -
S E N S I T I V I T Y  I S  0 . 2 0 0 0 0 D  0 0  
E R R O R  C O E F F I C I E N 1  I S  
0 . 4 0 4 7 6 D  0 1  
I I I . S T A B I L I T Y  I N F O R M A T I O N  
- - - - - - - - - - - - - - - - - - - - - - - -
C O E F F I C I E N T S  O F  T H E  C . E .  I N  A S C E N D I N G  O R D E R  
0 . 5 3 1 2 5 D  C 3  
0 . 1 3 1 2 5 0  0 3  
0 . 2 6 2 5 0 D  0 2  
0 . 1 0 0 0 0 0  0 1  
T H E  C O M P E N S A T E D  S Y S T E M  R OO T S  A R E  
R E A L  P A R T  
I  ~AGI N A R Y  
- 0 . 2 5 0 0 0 0  C l  
- 0 . 4 3 3 0 1 0  0 1  
- 0 . 2 5 0 0 0 0  C l  
0 . 4 3 3 0 1 0  0 1  
- 0 . 2 1 2 5 0 D  0 2  
o . o  
4 1  
I N P UT  D A T A  
• • • • • • • • •  
I N I T I A L  V A L U E S  F O R  U N K N O W N  P A R A M E T E R S  A R E  
0 . 1 0 0 0 0 D  0 3  0 . 3 0 0 0 0 D  G O  0 . 3 0 0 0 0 0 - Q l  
0 . 2 0 0 0 0 0  0 0  
S P E C I F I C A T I O N  F O R  B A N D W I D T H  I S  
N O N E  
S P E C I F I C A T I O N  F O R  E R R O R  C O E F F I C I E N T  I S  
N O N E  
S P E C I F I C A T I O N  F O R  R O O T  S E N S I T I V I T Y  I S  
0 . 2 0 0 0 0 0  0 0  
S P E C I F I C A T I O N  F O R  D A M P I N G  R A T I O  I S  
0 . 5 0 0 0 0 0  0 0  
S P E C I F I C A T I O N  F O R  N A T U R A L  F R E Q U E N C Y  I S  
o . s o o o o o ·  0 1  
O U T P U T  D A T A  
• • • • • • • • • •  
! . U N K N O W N  PARA~ETERS 
F OR W A R D  G A I N  I S  
0 . 1 1 2 5 0 0  0 3  
T A C H O M E T E R  G A I N  I S  
0 . 3 6 2 2 2 0  0 0  
A C C E L E R A T I O N  G A I N  I S  
0 . 3 1 1 1 1 0 - 0 1  
N U M B E R  O F  ITERA TIO~S I S  
1 3  
4 2  
I I . C A L C U L A T E D  S P E C I F I C A T I O N S  
-------~---- -~-~---------
S E N S I T I V I T Y  I S  0 . 2 0 0 0 0 D  0 0  
E R R O R  C O E F F I C I E N T  I S  
0 . 2 3 6 8 4 D  0 1  
I J J . S T A B I L i l Y  INFO~MATION 
C O E F F I C I E N T S  O F  T H E  C . E .  I N  A S C E N D I N G  O R D E R  
0 . 1 1 2 5 0 0  0 3  
0 . 4 7 5 0 0 D  0 2  
0 . 9 5 0 0 0 D  0 1  
O . l O O C O D  0 1  
T H E  C O M P E N S A T E D  S Y S T E M  R O O T S  A R E  
R E A L  P AR T  
I MA G I N A R Y  
- 0 . 4 5 0 0 0 0  0 1  o . o  
- 0 . 2 5 0 0 C D  0 1  
- 0 . 4 3 3 0 1 D  0 1  
- 0 . 2 5 0 0 0 D  0 1  
0 . 4 3 3 0 1 0  0 1  
4 3  
E x a m p l e  3 .  6  
R e d e s i g n  t h e  s y s t e m  o f  F i g u r e  3 - 6 .  U s e  i n  t h i s  c a s e  a  r o o t  s e n s i t i v i t y  
c o n s t a n t  s u c h  t h a t  v a r i a t i o n s  i n  g a i n  o f  1 0 %  p r o d u c e s  v a r i a t i o n  i n  ~ 
o f  o n l y  1 %  ( S e  =  0 . 1 ) .  
A s  i n  e x a m p l e  3 .  5 ,  t w o  s o l u t i o n s  a r e  p r e s e n t e d .  C o m p a r i n g  t h e s e  
s o l u t i o n s  w i t h  t h o s e  o f  e x a m p l e  3 .  5  i t  s h o u l d  b e  n o t e d  t h a t  a s  t h e  s y s t e m  
g a i n  i s  i n c r e a s e d  t h e  s e n s i t i v i t y  c o n s t a n t  i s  r e d u c e d  a n d  t h e  r e q u i r e d  
r o o t s  a r e  m o r e  d o m i n a n t  ( s o l u t i o n  t w o  o f  e x a m p l e  3 .  6 ) .  T h i s  w a s  a l s o  
v e r i f i e d  w o r k i n g  t h e  p r o b l e m  w i t h  s e n s i t i v i t y  s p e c i f i c a t i o n  S e  =  0 .  3  
i n  w h o s e  c a s e  t h e  r e s u l t a n t  p a r a m e t e r s  f o r  t w o  s o l u t i o n s  w e r e :  
S o l u t i o n  O n e  
K = 1 3 3 . 5 9  
K  =  0 . 3 3 6 6  
t  
K  =  0 . 3 2 5  
a  
c r x = - 5 . 3 4 3  
4 4  
S o l u t i o n  T w o  
K  =  3 3  7 .  2 4  
K  =  0 . 2 5 4 1  
t  
K  =  0 . 0 3 7 0  
a  
( f . = - 1 3 . 4 9  
X  
I NP t ; l  D A T A  
* * * * *  * * * *  
I N I T I A L  V A L U E S  F C R  U N K N C W N  P A R A M E T E R S  A R E  
C . 8 0 i ' J O O D  0 3  
0  •  2 0 0 0 v D  ( ) r )  
: J .  3 0 0 0 C  D - O  1  
c . .  3 0~.H;r c c c  
SPECIFICATIC~ F O R  B A N D W I D T H  
I S  
N O N E  
S PECIFICATIC~ F C R  E R R C R  c n E F F I C I F N T  
I S  N O N E  
SPECIFICATIC~ F C R  R O O T  S E N S I T I V I T Y  
I S  
( ) .  1  OCO ~J D  d •. J  
S PECIFICATIC~ F C R  C A M P I N G  R A T I O  I S  
o .  5 0 0 ( / ) 0  0 \ }  
SPECIFICATIC~ F C R  ~ATURAL F R E Q U E N C Y  
I S  o .  5 0 0 0 { ) 0  ( )  1  
O U T P U T  D A T A  
* * * * * *  * * * *  
I . U N K N C W N  PARA~ETERS 
- - - - - - - - - - - - - - - - - - -
F O R W A R D  G A l t \  I S  
J . 9 7 5 7 1 0  0 2  
TACHO~ETER G A i t \  I S  
0 . 3 8 7 0 4 0  0 0  
A C C E L E R A T I C t \  G A Y "  I S  
I J . 2 c H 5 1 0 - CH  
N U M B E R  O F  IlERAliO~S I S  
3 2  
4 5  
I I . C A L C U L A T E O  S P E C I F ! C A T I C N S  
- - - - - - - - - - - - - - - - - - - - - - - - - - -
SE~~ITIVITY I S  0 . 1 0 0 0 0 0  0 0  
ER~CR C C E F F I C I E N T  I S  
1) . 2 1 9 1 9 0  0 1  
I I I . S T A 8 l l t l Y  J~FCRMATICN 
- - - - - - - - - - - - - - - - - - - - - - - -
C OE FFICIE~TS C F  T H E  C . E .  
I N  A S C E N D I N G  O R D E R  
C . 9 7 ! ' 7 1 0  0 2  
0 . 4 4 5 1 4 · 0  0 2  
o . A 9 0 2 B D  o  1  
C . 1 0 0 0 0 C  C 1  
T H E  CO~PENSAiEO SYSTE~ R O O T S  A R E  
R E A L  F = A R T  
IfiAGIN~R Y 
- t l . 3 9 0 2 8 0  0 1  
o .  
- 0 . 2 5 0 0 0 0  0 1  
" \ " ' 0 . 4 3 3 0 1 0  0 1  
- 0 . 2 5 0 0 0 0  0 1  
0 . 4 3 3 0 1 0  ( : 1  
4 6  
I N P U T  D A T A  
* * * * *  * * * *  
I N I T I A L  V A L U E S  F C R  U N K N G W N  PAR~METERS A R E  
0 .  6 0 0 0 0 0  C 3  O .  2 4 C O G  D  0 0  0  . 4 0 0 0 J  0 - 0 1  
C . 3 0 0 0 C C  t C  
S P E C I F I C A T I C N  F C R  B A N D W I D T H  I S  
N O N E  
S P E C I F I C A T I C N  F C R  E R R C R  C O E F F I C I E N T  I S  
N O N E  
S P E C I F I C A T I C N  F C R  R O O T  S E N S I T I V I T Y  I S  
0 . 1 0 0 0 0 0  { ) I )  
S P E C I F I C A T I C N  F C R  D A M P I N G  R A T I O  I S  
0 . 5 0 C O O D  O C  
SPEC IFICATIC~ F C R  ~ATURAL F R E Q U E N C Y  I S  
0 . 5 0 0 0 0 0  0 1  
O U T P U T  D A T A  
* * * * * *  * * * *  
I . U N K N C W N  PARA~ETEPS 
F O R W A R D  GAl~ I S  
O . l \ J 6 4 9 0  0 4  
TACHO~ETER G A I N  I S  
0 . 2 1 7 1 4 0  0 0  
A C CELERAT IC~ G A I N  I S  
o  •  3  9 0  6  1  o  - o  1  
N U M B E R  O F  ITERATIO~S I S  
2 5  
4 7  
I I . C A L C U L A T E C  S~ECIFICATIONS 
S E N S I T I V I T Y  I S  U . l O O O O D  0 0  
f R P C R  C O E F F I C I E N T  I S  
0 . 4 4 7 4 8 0  0 1  
I J I . S T f t B ! L I T Y  I~FCRMATION 
C O EFFICIE~TS O F  T H E  C . E .  I N  A S C E N D I N G  O R D E R  
C . l C 6 4 9 D  0 4  
0 . 2 3 7 9 9 0  U 3  0 . 4 7 5 9 7 0  0 2  
~..~ .l OOOCD 0 1  
T H E  C O M P E N S A T E D  S Y S T E M  R O O T S  A R E  
R E A L  F A R T  
I M A G I N A R Y  
- 0 . 2 5 0 0 0 0  0 1  
- 0 . 4 3 3 0 1 0  t . H  
- 0 . 2 5 0 C O C  C l l  
0 . 4 3 3 0 1 0  0 1  
- 0 . 4 2 5 9 7 0  C 2  o . o  
4 8  
I V .  F O U R  S P E C I F I C A T I O N S  D E S I G N  
T h e  f r e q u e n c y  r e s p o n s e  s p e c i f i c a t i o n  w h i c h  i s  m o s t  o f t e n  s p e c i f i e d  
i s  t h e  b a n d w i d t h .  I t  c a n  b e  d e f i n e d  a s  t h e  a n g u l a r  f r e q u e n c y ,  W b ,  a t  
w h i c h  t h e  m a g n i t u d e  o f  t h e  o u t p u t  t o  i n p u t  ( c l o s e d  l o o p  t r a n s f e r  f u n c t i o n )  
h a s  s u f f e r e d  a n  a t t e n u a t i o n  M  ( o f t e n  e x p r e s s e d  i n  d e c i b e l s ) .  I f  t h e  
a t t e n u a t i o n  i s  t h r e e  d e c i b e l s  ( .  7 0 7 )  t h e n  t h e  b a n d w i d t h  i s  u s u a l l y  c a l l e d  
t h e  " 3  d b .  b a n d w i d t h . "  ( I n  t h i s  p a p e r  t h i s  w i l l  b e  t h e  b a n d w i d t h  t o  b e  
u s e d . )  
A .  R O O T S  S E N S I T I V I T Y  A N D  B A N D W I D T H  S P E C I F I C A T I O N S  
I n  S e c t i o n  I I I  t h e  s i g n i f i c a n c e  o f  t h e  r o o t  s p e c i f i c a t i o n s  a s  a  
m e a s u r e  o f  t h e  t i m e  r e s p o n s e  o f  t h e  s y s t e m  a n d  t h e  s e n s i t i v i t y  a s  a  
m e a s u r e  o f  t h e  q u a l i t y  o f  t h e  s y s t e m  w e r e  s t a t e d .  I f  b a n d w i d t h  i s  n o w  
a d d e d  a s  a  s p e c i f i c a t i o n  t h e n  i t  c a n  b e  s a i d  [  4 ]  t h a t  i t  i s  s i g n i f i c a n t  
b e c a u s e  i t  i n d i c a t e s  r i s e  t i m e  o r  s p e e d  o f  r e s p o n s e ,  i t  m e a s u r e s  i n  
p a r t  t h e  a b i l i t y  o f  t h e  s y s t e m  t o  r e p r o d u c e  t h e  i n p u t  s i g n a l ,  a n d  i t  
a p p r o x i m a t e l y  d e s c r i b e s _  t h e  f i l t e r i n g  c h a r a c t e r i s t i c s  o f  t h e  s y s t e m .  
1  .  S t a t e m e n t  o f  t h e  P r o b l e m  
D e s i g n  a p p r o p r i a t e  c o m p e n s a t o r  d e v i c e s  t o  g i v e  ( f o r  a  
s p e c i f i c  t r a n s f e r  f u n c t i o n )  r o o t  l o c a t i o n s  a t  < f  =  ' f  . .  ,  W  =  W  .  
n  o  
I t  i s  a l s o  r e q u i r e d  t h a t  t h e  c o m p e n s a t e d  s y s t e m  h a v e  a  b a n d w i d t h  W  b  =  B  
a n d  t h a t  v a r i a t i o n s  i n  g a i n  o f  X  p e r c e n t a g e  p r o d u c e  v a r i a t i o n  i n  < f .  
o f  o n l y  Y  p e r c e n t a g e .  
4 9  
T h e  p r o b l e m  a s  s t a t e d  h e r e  i s  t h e  s a m e  a s  S e c t i o n  I I I  w i t h  
t h e  a d d i t i o n a l  c o n s t r a i n t  o f  b a n d w i d t h .  T h a t  i s  I  i n  a d d i t i o n  t o  e q u a t i o n s  
2 - 3 ~ 2 - 4  a n d  3 - 1 7
1  
a  f o u r t h  e q u a t i o n  m u s t  b e  f o u n d .  
F r o m  t h e  d e f i n i t i o n  o f  3  d b  b a n d w i d t h  t h e  f o l l o w i n g  r e l a t i o n -
s h i p  c a n  b e  w r i t t e n :  
C  ( j W  b )  
R ( j W b )  
=  M  =  ( 1 /
2
)  1 / 2  
( 4  - 1 )  
I f  t h e  s y s t e m  i s  t o  h a v e  a  b a n d w i d t h  W  b  =  B  t h e n  e q u a t i o n  4 - 1  c a n  b e  
w r i t t e n  a s  
1
~, =  0 .  7 0 7  
R ( j B )  
( 4  - 2 )  
I f  b o t h  s i d e s  o f  e q u a t i o n  4 - 2  a r e  s q u a r e d  t h e n  i t  c a n  b e  e x p r e s s e d  a s  a  
p o l y n o m i a l  i n  B  w h o s e  c o e f f i c i e n t s  a r e  f u n c t i o n s  o f  t h e  u n k n o w n  
p a r a m e t e r s  I  t h a t  i s  I  i f  a  c l o s e d  l o o p  t r a n s f e r  f u n c t i o n  i s  a s s u m e d  t o  
b e  o f  t h e  f o r m  
t h e n  
~ =  
R  ( s )  
~ 
R ( j B )  
m  m - 1  
Q  1
8  
+  Q  2  
8  
+  •  •  ·  ·  •  •  •  •  •  ·  +  Q  m +  1  
n  2  n - 1  
A
1
S  + A S  +  . . • • . • • . • .  + A n + 1  
m  m - 1  
Q  1  ( j  B )  +  Q  2  ( j  B )  +  • • • •  +  Q  m  +  1  
n  n ' - 1  
A
1
( j B )  + A
2
( j B )  +  . • • •  + A n +
1  
a s s u m i n g  m  a n d  n  t o  b e  e v e n  
~ 
R ( j B )  
2  
m  m - 2  2  m - 1  2  
( ± .  Q  1  B  . ± .  0 3  B  . ± _  • • • •  + Q  m +  1 ) +  (. ± . 0 2  B  . ± . ·  . • .  + Q  m B )  
2  2  
. .  1  2  1 / 2  
n  n - n -
( + A  B  + A  B  . +  . . . •  + A  )  + ( + A  B  +  . . • •  + A  B )  
- 1  - 3  .  - n +  1  - 2 ·  - n  
5 0  
o r  
n  2  n - 1  2  
0  =  ( + A  B  +  . . .  + A  )  +  
1
+ A  B  +  . . •  + A  B )  
- 1  - n + l  \ . . : . . . ;  2  - n  
( 4  - 3 )  
m  2  m - 1  2  
- 2  [  ( ± . 0  1  B  . ± .  • • •  Q  m +  1 )  +  ( . ± _ Q  2  B  +  . . .  . ± _ Q  m  B )  ]  
E q u a t i o n  4 - 3  i s  a  r a t h e r  c o m p l i c a t e d  n o n l i n e a r  a l g e b r a i c  e q u a t i o n  w h i c h  
m u s t  b e  c o m b i n e d  w i t h  e q u a t i o n s  2 - 3  
1  
2 - 4  a n d  3 - 1 7  t o  g i v e  t h e  r e q u i r e d  
s e t  o f  f o u r  e q u a t i o n s .  C o m p e n s a t o r  d e v i c e s  m u s t  n o w  b e  a d d e d  t o  t h e  
s y s t e m  i n  o r d e r  t o  s a t i s f y  t h e  s p e c i f i c a t i o n s  I  t h a t  i s  t h e y  a l t o g e t h e r  
m u s t  i n t r o d u c e  t h r e e  p a r a m e t e r s  t o  c o m b i n e  w i t h  t h e  s y s t e m  g a i n  a n d  
f o r m  a  f o u r  p a r a m e t e r s  d e s i g n  p r o b l e m .  
E x a m p l e  4 . 1  
D e s i g n  a  c o m p e n s a t o r  f i l t e r  a n d  f i n d  t h e  v a l u e s  f o r  f o r w a r d  a n d  t a c h o m e t e r  
g a i n s  t o  g i v e  t h e  s y s t e m  s h o w n  i n  F i g u r e  4 - 1  a  3  d b  b a n d w i d t h  a t  
W  =  6 .  0  r a d i a n s / s e c o n d  
1  
a  p a i r  o f  c o m p l e x  p o l e s  a t  ~ =  0 .  5
1  
W  =  5 .  0  
b  n  
a n d  a  r o o t  s e n s i t i v i t y  c o n s t a n t  o f  0 .  2  
S + Z  
+  
I  
S + P  
; . . - f  
- ,  
{  
j  K f  
·~ S  ( S +  1  .  5 )  ( 8 + 4  .  5 )  
· - - - - - - - -
'---------~----···-----··· . .  · - · - · ·  __ _ _  j  
K S  
t  
C  ( s )  
l  
- - - -~-
·------------ - -~-----------' 
F i g u r e  4 - 1  
B l o c k  D i a g r a m  f o r  E x a m p l e  4 . 1  
S o l u t i o n  o f  t h i s  p r o b l e m  w a s  o b t a i n e d  u s i n g  t h e  c o m p u t e r  p r o g r a m  o f  
A p p e n d i x  D .  A s  i n  S e c t i o n  I I I  t h e  c h a r a c t e r i s t i c  e q u a t i o n  m u s t  b e  f o u n d :  
5 1  
T h e  o p e n  l o o p  t r a n s f e r  f u n c t i o n  i s  
K f  ( S + Z )  
G  
0  
( s )  =  G  e  ( s ) G  c  ( s )  =  s  ( S + P )  ( S +  1 .  5 )  ( S + 4 .  5 )  +  ( S + P ) K f K t S  
w h e r e  
a n d  
K f  
G  e  ( s )  =  S  ( S +  1 .  5 )  ( S + 4 .  5 )  +  K f K t S  
G  ( s )  =  
c  
s  +  z  
s  +  p  
t h e  c l o s e d  l o o p  t r a n s f e r  f u n c t i o n  i s  
~­
R ( s )  -
K f ( S + Z )  
S(S+P)(S+l.5)(S+4.~) +  ( S + P ) K f K t S  +  K f ( S + Z )  
a n d  t h e  c h a r a c t e r i s t i c  e q u a t i o n  c a n  b e  e x p r e s s e d  a s  
C E  ( s )  =  A ( 5 )  S
4  
+  A ( 4 )  S
3  
+  A ( 3 )  s
2  
+  A ( 2 )  S  +  A ( l )  
w h e r e  
A ( l )  =  Kf Z  
A ( 2 )  =  6 .  7 5 P  +  K f K l  +  K f  
A ( 3 )  =  6 .  7 5  +  6 P  +  K f K t  
A ( 4 )  =  6  +  P  
A ( 5 )  =  1 .  0  
S i n c e  r o o t  s e n s i t i v i t y  h a s  b e e n  s p e c i f i e d  t h e  p a r t i a l  d e r i v a t i v e s  w i t h  
r e s p e c t  t o  t h e  g a i n  K f  a r e  r e q u i r e d  
5 2  
A D ( l )  =  Z  
A D ( 2 )  =  K  P  +  l  
t  
A D ( 3 )  =  K  P  +  K  
a  t  
A D ( 4 )  =  K  
a  
A D  ( 5 )  =  0 .  0  
W i t h  t h e  v a r i a b l e s  A ( i )  a n d  A D  ( i )  ( i  =  l ,  . . • .  5 )  a n d  t h e  c o r r e s p o n d i n g  
s p e c i f i c a t i o n s  a s  i n p u t  t o  t h e  p r o g r a m ,  a  s o l u t i o n  i s  s h o w n  i n  t h e  
f o l l o w i n g  p a g e s .  T h i s  i s  n o t  a  u n i q u e  s o l u t i o n ,  i t  i s  j u s t  o n e  o f  t h e  
m a n y  s o l u t i o n s  t h e  p r o b l e m  m a y  h a v e .  A l s o ,  i t  i s  w o r t h w h i l e  t o  o b s e r v e  
t h a t  t h e  s o l u t i o n  d o e s n ' t  g u a r a n t e e  d o m i n a n c e  o f  t h e  g i v e n  r o o t s  b u t  i t  
d o e s  g u a r a n t e e  t h a t  a  p a i r  o f  c o m p l e x  r o o t s  w i l l  b e  a t  t h e  s p e c i f i e d  
l o c a t i o n  a n d  t h a t  t h e  o t h e r  s p e c i f i c a t i o n s  a r e  a l s o  m e t .  O n  t h e  o t h e r  
h a n d ,  t h e  f a c t  t h a t  i n f o r m a t i o n  o f  a l l  t h e  p o l e s  o f  t h e  c h a r a c t e r i s t i c  
e q u a t i o n  i s  o b t a i n e d  m a k e s  i t  p o s s i b l e  t o  i n v e s t i g a t e  b y  i n s p e c t i o n  
w h e t h e r  o r  n o t  t h e  g i v e n  r o o t s  a r e  d o m i n a n t .  
5 3  
I N P U T  D A T A  
• • • • • • • • •  
I N I T I A L  V A L U E S  F O R  UN K N O W N  P A R A M E T E R S  A R E  
0 . 1 0 C O O D  0 3  o . 7 0 0 0 0 D  0 0  0 . 1 0 0 0 0 D  0 2  
0 . 3 0 0 0 0 D  0 1  0 . 3 0 0 0 0 D  0 0  
S P E C I F I C A T I O N  F C R  E R R O R  C O E F F I C I E N T  I S  NO N E  
S P E C I F I C A T I O N  F OR  B A N D W I D T H  I S  0 . 6 0 0 0 0 0  0 1  
S P E C I F I C A T I O N  F C R  ROO T  S E N S I T I V I T Y  I S  o .  2 0 0 0 0 0  0 0  
S P E C I F I C A T I O N  F O R  D A M P I NG  R A T I O  I S  0 . 5 0 0 0 0 0  0 0  
S P E C I F I C A T I O N  F O R  N A T U R A L  F R E QU E N C Y  I S  
o .  5 0 0 0 0 0  0 1  
O U T P U T  O A  TA  
• • • • • •  * * * *  
! . U N KN O W N  P A R A M E T E R S  
F O R W A R D  G A I N  I S  0 . 4 9 0 2 7 0  0 2  
T A C H O M E T E R  G A I N  I S  
o .  9 1 6 4 7 0  0 0  
C O M P E N S A T O R  P O L E  I S  
0 . 3 8 9 1 B D  0 1  
C O M P E N S A T O R  Z E R C  I S  
0 . 1 3 0 4 0 0  0 2  
N U M B E R  O F  I T E R A T I O N S  I S  
3 4  
5 4  
I I . C A L C U L A T E O  S P E C I F I C A T I O N S  
- - - - - - - - - - - - - - - - - - - - - - - - - - -
A B S . V A L U E  O F  C L T F  A T  B  I S  
0 . 7 0 7 1 1 D  0 0  
S E N S I T I V I T Y  I S  
0 . 2 0 0 0 0 0  0 0  
E R R O R  C O E F F I C I E N T  I S  
0 . 3 1 7 8 6 D  0 1  
I I I . S T A B I L I T Y  I N F O R M A T I O N  
- - - - - - - - - - - - - - - - - - - - - - - -
C O E F F I C I E N T S  O F  T H E  C . E .  
I N  A S C E N D I N G  O R D E R  
0 . 6 3 9 3 4 0  0 3  
0 . 2 5 0 1 6 0  0 3  
0 . 7 5 0 3 3 D  0  2  
0 . 9 8 9 1 8 D  0 1  
0 . 1 0 0 0 0 D  0 1  
T H E  C O M P E N S A T E D  S Y S T E M  R O O T S  A R E  
R E A L  P A R T  
I M A G I N A R Y  
- 0 . 2 5 0 0 0 0  0 1  
- 0 . 4 3 3 0 1 D  0 1  
- 0 . 2 5 0 0 0 D  0 1  
0 . 4 3 3 0 1 0  0 1  
- 0 . 2 4 4 5 9 0  0 1  
- 0 . 4 4 2 6 2 0  0 1  
- 0 . 2 4 4 5 9 0  0 1  
0 . 4 4 2 6 2 D  0 1  
5 5  
B .  R O O T S ,  E R R O R  C O E F F I C I E N T  A N D  B A N D W I D T H  S P E C I F l C A T I O N S  
I n  e a r l i e r  s e c t i o n s  t h e  b a s i c  c o n c e p t s  o f  b a n d w i d t h ,  e r r o r  c o -
e f f i c i e n t ,  s e n s i t i v i t y  a n d  r o o t . .  s p e c i f i c a t i o n s  h a v e  b e e n  d i s c u s s e d .  
H o w e v e r ,  s i n c e  e r r o r  c o e f f i c i e n t  w a s  d e f i n e d  i n  S e c t i o n  I I I  f o r  a  
p a r t i c u l a r  c a s e  t h e  d e f i n i t i o n  c a n  n o w  b e  g e n e r a l i z e d  a n d  t h e  f o l l o w i n ' g  
e q u a t i o n s  c a n  b e  w r i t t e n :  
K  =  l i m  G  ( s )  
P  s~o 
0  
K  = ' l i m  S G  ( s )  
v  0  
s~o 
2  
K  =  l i m  S  G  ( s )  
a  o  
s~o 
( 4  - 4 a )  
( 4  - 4 b )  
( 4  - 4 c )  
w h e r e  G  ( s )  i s  t h e  o p e n  l o o p  t r a n s f e r  f u n c t i o n  o f  a  n e g a t i v e  u n i t y  f e e d -
o  
b a c k  s y s t e m  a n d  t h e  s u b s c r i p t s  p ,  v  a n d  a  r e f e r  t o  t y p e  z e r o ,  o n e  o r  t w o  
s y s t e m .  
T h e  e r r o r  c o e f f i c i e n t  c a n  b e  i n t e r p r e t e d  i n  t e r m s  o f  t h e  c h a r a c t e r -
i s t i c s  o f  s y s t e m  p e r f o r m a n c e  i n  b o t h  t h e  t i m e  a n d  t h e  f r e q u e n c y  d o m a i n  [  4 ] .  
F r o m  e q u a t i o n s  4 - 4  i t  i s  o b s e r v e d  t h a t  o n l y  o n e  o f  t h e  e r r o r  c o n s t a n t s  
p o s s e s s e s  a  f i n i t e ,  n o n - z e r o  v a l u e  f o r  a n y  g i v e n  s y s t e m  a n d  t h i s  v a l u e  
d e s c r i b e s  t h e  l o w  f r e q u e n c y  b e h a v i o r  o f  t h e  o p e n  l o o p  t r a n s f e r  f u n c t i o n  
( a t  l o w  f r e q u e n c i e s  l a r g e  e r r o r  c o e f f i c i e n t s  i m p l y  h i g h  g a i n s )  .  O n  t h e  
o t h e r  h a n d  t h e  e r r o r  c o e f f i c i e n t s  c a n  b e  i n t e r p r e t e d  i n  t e r m s  o f  t h e  s t e a d y  
s t a t e  e r r o r s ;  i . e . ,  i f  E  ( s )  i s  d e f i n e d  a s  t h e  d i f f e r e n c e  b e t w e e n  t h e  L a p l a c e  
t r a n s f o r m  o f  t h e  r e f e r e n c e  i n p u t  s i g n a l  ( R ( s ) )  a n d  t h a t  o f  t h e  o u t p u t  s i g n a l  
C  ( s )  i n  a  n e g a t i v e  u n i t  f e e d b a c k  s y s t e m ,  a n d  i f  E ( s )  p o s s e s s e s  p o l e s  i n  
t h e  l e f t  h a l f  p l a n e  o n l y  t h e n  t h e  s t e a d y  s t a t e  e r r o r  c a n  b e  w r i t t e n  a s  
5 6  
" '  
E  = l i m  
s s  
s  . . .  o  
S R { § J  
1  +  G  ( s )  
0  
( 4  - 5 )  
F r o m  e q u a t i o n s  4 - 4  a n d  4 - 5  t h e  f o l l o w i n g  e q u a t i o n s  c a n  b e  d e r i v e d :  
E  
s s  
1  
1  
+ K  
( f o r  R ( s )  =  
_ 1 _ ,  
s  
( 4  - 6 a )  
p  
E  




( f o r  R ( s )  =  
. 1 2 )  
s  
( 4  - 6 b )  
v  
E  




( f o r  R ( s )  =  
1 3 )  
s  
( 4  - 6 c )  
a  
T h e r e f o r e ,  K  ,  K  a n d  K  a r e  m e a s u r e s  o f  t h e  s t e a d y  s t a t e  e r r o r s  i f  t h e  
p  v  a  
i n p u t  i s  a  u n i t  s t e p ,  a  u n i t  r a m p  a n d  a  u n i t  p a r a b o l i c  f u n c t i o n  
r e s p e c t i v e l y .  
E x a m p l e  4 .  2  
D e s i g n  a  f i l t e r  c o m p e n s a t o r  a n d  f i n d  v a l u e s  f o r  f o r w a r d  a n d  f e e d b a c k  
g a i n s  r e q u i r e d  t o  g i v e  t h e  s y s t e m  s h o w n  i n  F i g u r e  4 - 2  a  p a i r  o f  c o m p l e x  
p o l e s  l o c a t e d  a t  1 "  =  0 .  5 ,  W  =  W  =  5 .  I t  i s  a l s o  r e q u i r e d  t h a t  t h e  
n  o  
s y s t e m  h a v e  a  b a n d w i d t h  ( 3  d b  b a n d w i d t h )  a t  t h e  f r e q u e n c y  W  b  =  6  .  
a n d  a  c o n s t a n t  e r r o r  c o e f f i c i e n t  K  =  3 .  2 .  
v  
R ( s ) +  
S + Z  
~~ 
K f  C  ( s )  
: : - I .  
s  +  p  










1  n  I  
F i g u r e  4 - 2  
B l o c k  D i a g r a m  o f  E x a m p l e  4 .  2  
5 7  
T h e  c h a r a c t e r i s t i c  e q u a t i o n  o f  t h e  c o m p e n s a t e d  s y s t e m  i s  
C E  ( s )  =  A ( S ) S
4  
+  A ( 4 ) S
3  
+  A ( 3 ) S
2  
+  A ( 2 ) S  +  A ( 1 )  
w h e r e  
A ( l )  =  K Z  
A ( 2 )  =  6 .  7 5 P  +  K  
A  (  3 )  =  6  P  +  6  •  7  5  +  K K  P  
a  
A ( 4 )  =  6 .  0  +  K K  P  
a  
A ( S )  =  l .  0  
L i k e w i s e  t h e  b a n d w i d t h  a n d  e r r o r  c o e f f i c i e n t  e q u a t i o n s  a r e  
I
~, =  ( 1 / 2 )  1 / 2  =  
R  ( j B )  
K v  =  K f Z / ( A ( 2 )  - K f )  
[  ( K f Z )  2  +  ( K f B )  2 ]  1 / 2  
[ ( A ( S ) B
4  
- A ( 3 ) B
2
+ A ( 1 ) ]
2  








T h e  a c c e l e r a t i o n  f e e d b a c k  i s  p r o b a b l y  n o t  t h e  m o s t  a d e q u a t e  d e v i c e  t o  
b e  u s e d  i n  o r d e r  t o  m e e t  t h e  s p e c i f i c a t i o n s .  H o w e v e r  I  t h e  i d e a  o f  t h e  
a u t h o r  w a s  t o  h a v e  a  c a s e  i n  w h i c h  t h e  n o n l i n e a r i t i e s  i n t r o d u c e d  t o  t h e  
s y s t e m  o f  e q u a t i o n s  m a k e  d i f f i c u l t  t h e  c o n v e r g e n c e  o n  t h e  m e t h o d  t o  
s o l v e  t h e m .  T h i s  i s  c l e a r l y  s h o w n  i n  t h e  s o l u t i o n  o n  t h e  n e x t  p ,a g e s  i n  
w h i c h  t h e  s p e c i f i c a t i o n s  a r e  m e t  b u t  t h e  s o l u t i o n  w a s  o b t a i n e d  u s i n g  
a  r a t h e r  l a r g e  n u m b e r  o f  i t e r a t i o n s  ( 6 6 1 )  
1  
s e e  A p p e n d i x  C  
1  
e v e n  t l ) o u g h  
t h e  t e r m i n a t i o n  c r i t e r i o n  w a s  c h o s e n  l a r g e  e n o u g h  ( 0 .  4 ) .  O n  t h e  o t h e r  
h a n d  t h e  r e s u l t s  c a n  b e  c o n s i d e r e d  g o o d  f r o m  t h e  e n g i n e e r i n g  p o i n t  o f  
v i e w .  
5 8  
_ /  
. .  
I N P U T  DA T A  
• • • • •  * * * *  
I N I T I A L  V A L U E S  F O R  U N K N O W N  P A R A M E T E R S  A R E  
0 . 4 0 0 0 0 0  0 3  
0 . 5 0 0 0 0 0 - 0 2  
0 . 7 0 0 0 0 0  0 0  
0 . 1 0 0 0 0 0  C 2  
0 . 4 0 0 0 0 D  0 0  
S P E C I F I C A T I O N  F O R  S E N S I T I V I T Y  I S  
N O N E  
S P E C I F I C A T I O N  F C R  E R R O R  C O E F F I C I E N T  I S  
0 . 3 2 0 0 0 0  0 1  
S P E C I F I C A T I O N  F O R  B A N D W I D T H  I S  
0 . 6 0 0 0 0 0  0 1  
S P E C I F I C A T I O N  F O R  D A M P I N G  R A T I O  I S  
0 . 5 0 0 0 0 0  0 0  
S P E C I F I C A T I O N  F OR  NA T U R A L  F R E Q U E N C Y  I S  
0 . 5 0 0 0 0 0  0 1  
O U T P U T  O A  T A  
• • • • • • • • • •  
! . U N K N O WN  PARA~ETERS 
F O R W A R D  G A I N  I S  
0 . 3 8 5 2 4 D  0 3  
A C C E L E R A T I O N  G A I N  I S  
0 . 6 9 9 0 1 0 - 0 2  
C O M P E N S A T O R  P O L E  I S  
0 . 1 2 9 7 8 0  0 2  
C O M P E N S A T O R  Z E R C  I S  
0 . 7 2 7 6 8 0  0 0  
N U M B E R  O F  I T E R A l t O N S  I S  
6 6 1  
5 9  
~ 
I I . C A L C U L A T E O  S P E C I F I C A T I O N S  
A B S . V A L U E  O F  C L 1 F  A T  B  I S .  0 . 7 0 7 1 1 0  0 0  
S E N S I T I V I T Y  I S  - 0 . 3 5 9 0 6 0  0 0  
E R R O R  C O E F F I C I E N T  I S  0 . 3 2 0 0 0 0  0 1  
I I I . S T A B I L I 1 Y  I N F O P M A T I O N  
C O E F F I C I E N T S  O F  T H E  C . E .  
I N  A S C E N D I N G  O R D E R  
0 . 2 8 0 3 3 0  0 3  0 . 4 7 2 8 5 0  0 3  
0 . 1 1 9 5 7 0  0 3  
0 . 2 1 6 7 1 0  0 2  0 . 1 0 0 0 0 0  0 1  
T H E  C O M P E N S A T E D  S Y S T E M  R O O T S  A R E  
I  
I  
R E A L  P A R T  I  M A G I  N A R Y  
I  
- 0 . 7 0 2 1 9 0  0 0  
o . o  
I  
- 0 . 2 5 0 0 0 0  0 1  
- 0 . 4 3 3 0 1 0  0 1  
- 0 . 2 5 0 0 0 0  C l  
0 . 4 3 3 0 1 0  0 1  
- 0 . 1 5 9 6 9 0  0 2  o . o  
6 0  
V .  F I V E  S P E C I F I C A T I O N S  D E S I G N  
I n  S e c t i o n s  I I I  a n d  I V  t h e  p r o b l e m  o f  d e s i g n  w a s  s o l v e d  a s s u m i n g  t h a t  
a  m a x i m u m  o f  f o u r  s p e c i f i c a t i o n s  w e r e  r e q u i r e d  t o  m e e t .  T h e  p r o b l e m  
h o w e v e r  c a n  b e  m a d e  m u c h  m o r e  c o m p l e x  i f  a l l  t h e  s p e c i f i c a t i o n s  
s t u d i e d  s o  f a r  a r e  t o  b e  s a t i s f i e d  a t  t h e  s a m e  t i m e  ( t h i s  i s  n o t  a n  u n -
r e a l i s t i c  c a s e  b u t  a  d e s i r e d  o n e ) .  
I t  i s  e a s y  t o  s e e  t h a t  t h e  s y s t e m  o f  e q u a t i o n s  w h i c h  r e s u l t s  w h e n  
J  
e q u a t i o n s  2 - 3  
1  
2 - 4  
1  
3 - 1 7  
1  
4 - 3  a n d  4 - 4  a r e  c o m b i n e d  i s  a  v e r y  c o m p l i -
c a t e d  o n e  e v e n  t h o u g h  t h e  s y s t e m  t r a n s f e r  f u n c t i o n  t o  b e  s t u d i e d  i s  
t h e  s i m p l e s t  o n e .  T h i s  i s  d u e  t o  t h e  f a c t  t h a t  s i n c e  f i v e  s p e c i f i c a t i o n s  
m u s t  b e  m e t  t h e  n u m b e r  o f  c o m p e n s a t o r  d e v i c e s  h a s  t o  b e  i n c r e a s e d  
i n  s u c h  a  w a y  t h a t  f i v e  u n k n o w n  p a r a m e t e r s  a r e  i n t r o d u c e d  t o  t h e  s y s t e m .  
U n d e r  t h e  a s s u m p t i o n  o f  v a r i a b l e  t r a n s f e r  g a i n  a  p o s s i b l e  b l o c k  d i a g r a m  
o f  a  s y s t e m  w h i c h  i s  e x p e c t e d  t o  m e e t  f i v e  s p e c i f i c a t i o n s  i s  s h o w n  i n  
F i g u r e  5 - l  ( m a n y  c o m b i n a t i o n s  c a n  b e  m a d e  b u t  a l l  o f  t h e m  m u s t  h a v e  
a  m a x i m u m  o f  f i v e  u n k n o w n s  i n c l u d i n g  t h e  s y s t e m  g a i n ) .  
R ( s ) - ¥  
G  ( s )  
- r r  
+ "  
G ( s )  C  ( s )  







' - - - - · · ·· · - -










F i g u r e  5 - l  
B l o c k  D i a g r a m  f o r  F i v e  S p e c i f i c a t i o n s  D e s i g n  
6 1  
A s  i n  t h e  e x a m p l e s  s t u d i e d  i n  t h e  f o r e g o i n g  s e c t i o n s  t h i s  c a s e  c a n  a l s o  
b e  h a n d l e d  b y  t h e  c o m p u t e r  p r o g r a m  i n c l u d e d  i n  A p p e n d i x  D .  T h e  c a l c u -
l a t i o n s  r e q u i r e d  t o  u s e  t h e  p r o g r a m  c a n  b e  s u m m a r i z e d  a s  f o l l o w s :  
d e f i n e  
H  ( s )  =  K  s
2  
+  K  S  
a  t  
G W  
G  ( s )  =  1  +  G ( s ) H ( s )  
e  
t h e n  t h e  o p e n  l o o p  t r a n s f e r  f u n c t i o n  c a n  b e  w r i t t e n  
G  ( s )  =  G  ( s ) G  ( s )  
o  e  c  
a n d  t h e  c l o s e d  l o o p  t r a n s f e r  f u n c t i o n  a s  
~­
R ( s )  -
G  ( s )  
0  
1  +  G  ( s )  
0  
F r o m  e q u a t i o n  5 - 1  t h e  c o n s t a n t  e r r o r  c o e f f i c i e n t  i s  
'  1  
K  =  l l m  S  G  ( s )  
X  
s . , o  
( 5 - 1 )  
( 5 - 2 )  
( 5 - 3 )  
w h e r e  1  =  0  
1  
1  o r  2  c o r r e s p o n d s  t o  x  =  p I  v  o r  a  f o r  t h e  t h r e e  m o r e  
c o m m o n  t y p e s  o f  e r r o r  c o e f f i c i e n t s .  
F r o m  e q u a t i o n  5 - 2  t h e  c h a r a c t e r i s t i c  e q u a t i o n  c a n  b e  w r i t t e n  a s  
C E ( s )  =  1  +  G  ( s )  
0  
a n d  t h e  3  d b  b a n d w i d t h  e q u a t i o n  a s  
C  ( j W  b )  
R  ( j W  b )  
=  
I G o  ( j W b ) l  
j 1  + G o  ( j W b ) l  
( 1 / 2 )  1 / 2  
( 5 - 4 )  
( 5 - 5 )  
E q u a t i o n s  5 - 3  I  5 - 4  a n d  5 - 5  a r e  t h e  n e c e s s a r y  e q u a t i o n s  r e q u i r e d  a s  
i n p u t  t o  t h e  c o m p u t e r  p r o g r a m .  
6 2  
T h e  f a c t  t h a t  f i v e  s p e c i f i c a t i o n s  m u s t  b e  m e t  d o e s n ' t  i m p l y  t h a t  
t h e  s y s t e m  c a n  b e  f o r c e d  b y  u s i n g  a  p r e s c r i b e d  s e t  o f  c o m p e n s a t o r  
d e v i c e s  t o  m e e t  t h o s e  s p e c i f i c a t i o n s .  H e n c e  t h e  d e s i g n e r  m u s t  d e c i d e  
i f  a l l  t h e  s p e c i f i c a t i o n s  c a n n o t  b e  m e t  
1  
w h i c h  o f  t h e m  s h o u l d  b e  
s a c r i f i c e d  i n  f a v o r  o f  t h e  o t h e r s  o r  i n  f a v o r  o f  t h e  i m p o s s i b i l i t y  o f  u s i n g  
a n o t h e r  t y p e  o f  c o m p e n s a t o r  d e v i c e .  W i t h  t h i s  i n  m i n d  a n d  t a k i n g  t h e  
b l o c k  d i a g r a m  o f  F i g u r e  5 - 1  a s  a n  e x a m p l e  
1  
t h e  f l o w c h a r t  o f  F i g u r e  5 - 2  
w a s  r e a l i z e d  i n  t h e  c o m p u t e r  p r o g r a m  o f  A p p e n d i x  D .  H o w e v e r  
1  
i t  i s  
w o r t h w h i l e  t o  n o t e  t h a t  t h e  p r o g r a m  w a s  w r i t t e n  t o  h a n d l e  t h e  c h a r a c t e r -
i s  t i c  e q u a t i o n  o f  t h e  c o m p e n s a t e d  s y s t e m  o f  t h r e e  I  f o u r  o r  f i v e  p a r a m e t e r s  
a n d  I  t h e r e f o r e  I  t h e  f l o w c h a r t  o f  F i g u r e  5 - 2  i s  j u s t  a n  e x a m p l e  t h a t  u s e s  
t h e  c o n f i g u r a t i o n  o f  F i g u r e  5 - 1 .  
E x a m p l e  5 . 1  
D e s i g n  a  f i l t e r  c o m p e n s a t o r  a n d  f i n d  v a l u e s  f o r  f o r w a r d  a n d  f e e d b a c k  
g a i n s  r e q u i r e d  t o  g i v e  t h e  s y s t e m  s h o w n  i n  F i g u r e  5 - 3  a  p a i r  o f  c o m p l e x  
p o l e s  l o c a t e d  a t  < i  =  0 .  5  I  W  =  5 .  0  I  a  3  d b  b a n d w i d t h  a t  f r e q u e n c y  
n  
B  =  6 .  0  r a d i a n s / s e c o n d  I  a  c o n s t a n t  e r r o r  c o e f f i c i e n t  K  =  5 .  0  a n d  a  
v  
r o o t  s e n s i t i v i t y  c o n s t a n t  S e  =  0 .  2 .  
S + Z  
- r 1  
+- \  
K f  
-~~, 
: : f  
: : f  
S ( S + 1 . 5 )  ( S + 4 . 5 )  
I  










_ _  ,  
K . _ S  
I  
1  
C  ( s )  
t  
_ _  j  
F i g u r e  5 - 3  
B l o c k  D i a g r a m  f o r  E x a m p l e  5 .  1  
6 3  
1N o  
E l i m  , f i l t e r  }  
R e a l i z a b i l i t y  
a n d  
S t a b i l i t y  
R e a d  S p e c s .  
W n  
1  
W b  I  K x  I  e t c .  
- - - J  
G u e s s  v a l u e s  o f  
u n k n o w n  p a r a m s  ~ 
·- · · - · · · - · ·  - · · ·  
U s e  s u b r o u t i n e  
t o  f i n d  c o e f .  C  .  E  l  
U s e  a l t .  # 4  
( 5  s p e c . )  
F i g u r e  5 - 2  
( S T O P  )  
F l o w c h a r t  s h o w i n g  t h e  d e s i g n  p r o c e d u r e  ( g i v e n  a  s e t  
o f  f i v e  s p e c i f i c a t i o n s )  f o r  b l o c k  d i a g r a m  o f  F i g u r e  5 - l  
6 4  
Y € s . C .  
W r i t e  O u t p u t  
- : r : - -
F o l l o w i n g  t h e  s t e p s  o n  p a g e  6 2  e q u a t i o n s  5 - 3  I  5 - 4  a n d  5 - 5  c a n  b e  
w r i t t e n  I  f o r  t h i s  p a r t i c u l a r  c a s e  I  a s  f o l l o w s :  
I
~J 
R  ( j  B )  
w h e r e  
K v  =  ( K f Z ) / ( A ( 2 ) - K f )  












]  l /
2  
[ ( A  ( l )  - A ( 3 )  B
2  
+ A  ( 5 )  B  
4  
- A ( 7 )  B  
6
)  +  ( A  ( 2 )  B  - A ( 4 )  B  
3  




]  l /
2  
C E ( s )  =  A ( 5 ) S
4  
+  A ( 4 ) S
3  
+  A ( 3 ) S
2  
+  A ( 2 ) S  +  A ( l )  
A ( l )  =  K f Z  
A ( 2 )  =  6 .  7 5 P  +  K f K t P  +  K f  
A ( 3 )  =  6 P  +  K f K a P  +  K l t  +  6 . 7 5  
A ( 4 )  =  K f K a P  +  6  
A ( 5 )  =  l .  0  
t h e  p a r t i a l  d e r i v a t i v e s  o f  t h e  c o e f f i c i e n t s  A ( i )  w i t h  r e s p e c t  t o  t h e  
s y s t e m  g a i n  a r e  g i v e n  b y  
A D ( l )  =  Z  
A D  ( 2 )  =  K  P  +  l .  0  
t  
A D ( 3 )  =  K  
t  
A D  ( 4 )  =  0 .  0  
A D  ( 5 )  =  0 .  0  
W i t h  t h i s  d a t a  a  s o l u t i o n  w a s  o b t a i n e d  a n d  i s  s h o w n  i n  t h e  f o l l o w i n g  
p a g e s .  C o m p a r i n g  t h i s  s o l u t i o n  w i t h  e x a m p l e s  3 .  5  a n d  4  . 1 ,  t h e  f o l l o w i n g  
r e m a r k s  c a n  b e  w r i t t e n :  
a .  I n  a l l  t h e  c a s e s  t h e  s p e c i f i c a t i o n s  a r e  e x a c t l y  m e t .  
6 5  
I N P U T  D A T A  
• • • • • • • • •  
I N I T I A L  V A L U E S  F O R  U N K N O W N  P A R A M E T E R S  A R E  
c . 5 0 0 0 0 D  0 2  C . 9 0 0 0 0 D  0 0  0 . 1 3 0 0 0 D  0 2  
C . 3 9 0 0 0 D  0 1  
0 . 2 0 0 0 0 D - 0 1  
0 . 2 0 0 0 0 D  0 0  
S P E C I F I C A T I O N  F O R  R O O T  S E N S I T I V I T Y  I S  
0 . 2 0 0 0 0 D  0 0  
S P E C I F I C A T I O N  F O R  B A N D W I D T H  I S  
0 . 6 0 0 0 0 0  0 1  
S P E C I F I C A T I O N  F O R  E R R O R  C O E F F I C I E N T  I S  
0 . 3 2 0 0 0 0  0 1  
S P E C I F I C A T I O N  F O R  D A M P I N G  R A T I O  I S  
0 . 5 0 0 0 0 0  0 0  
S P E C I F I C A T I O N  F O R  N A T U R A L  F R E Q U E N C Y  I S  
o .  5 0 0 0 0 0  0 1  
O U T P U T  D A T A  
. . . . . . .  * * * •  
! . U N K N O W N  P A R A M E T E R S  
F O R W A R D  G A I N  I S  
0 . 5 1 1 3 2 0  0 2  
T A C H O M E T E R  G A I N  I S  
0 . 8 7 9 0 9 0  0 0  
A C C E L E R A T I O N  G A I N  I S  
0 . 1 2 0 2 0  D - 0 2  
CO~PENSATOR P O L E  I S  
0 . 3 8 5 0 3 D  0 1  
C O M P E N S A T O R  Z E R O  I S  
O . l 2 4 5 8 D  0 2  
N U M B E R  O F  I T E R A T I O N S  I S  
1 1  
6 6  
I t . C A L C U L A T E O  S P E C I F I C A T I O N S  
A B S . V A L U E  O F  C l l F  A T  B  I S  
0 . 7 0 7 1 1 0  0 0  
S E " J S T T I V I T Y  y c : :  
0 . 2 .0 0 0 1 0  0 0  
E R R O R  C O E F F I C I E N T  I S  
0 . 3 2 0 0 0 D  0 1  
I I I . S T A B I L I T Y  I N F O R M A T I O N  
C O E F F I C I E N T S  OF  T H E  C . E .  I N  A S C E N D I N G  O R D E R  
0 . 6 3 6 9 G D  0 3  
0 . 2 5 0 1 9 0  0 3  
0 . 7 5 0 3 8 D  0 2  
0 . 9 9 1 1 " 7 0  0 1  0 . 1 0 0 0 0 0  0 1  
T H E  C O M P E N S A T E D  S~STEM R O O T S  A R E  
R E A L  P A R T  
I  M A G I  N A R Y  
- 0 . 2 5 0 0 0 0  0 1  
- 0 . 4 3 3 0 1 0  0 1  
- c .  2 s o o o o  0 1  
0 . 4 3 3 0 1 0  0 1  
- 0 . 2 4 5 s c ; o  C l  
- 0 . 4 4 1 0 0 0  0 1  
- 0 . 2 4 5 5 9 D  C l  
0 . 4 4 1 0 0 0  0 1  
6 7  
b .  D o m i n a n c e  o f  t h e  g i v e n  p a i r  o f  c o m p l e x  p o l e s  i s  o n l y  
m e t  I  f o r  t h e  s a m e  s y s t e m  I  w i t h  t h e  t h r e e  s p e c i f i c a t i o n s  p r o b l e m .  
c .  S y s t e m  p a r a m e t e r s  f o r  e x a m p l e s  4 .  1  a n d  5  . 1  a r e  
c o m p a r a b l e .  
'  
d .  M o r e  t h a n  o n e  s o l u t i o n  c a n  b e  o b t a i n e d  i n  e a c h  c a s e  
( f o r  s i m p l i c i t y  i n  t h i s  p a p e r  o n l y  o n e  s o l u t i o n  i s  s h o w n  f o r  e x a m p l e s  
4  .  1  a n d  5  .  1 )  .  
e .  E a c h  o f  t h e  p o s s i b l e  s o l u t i o n s  i s  g r e a t l y  d e p e n d e n t  o n  
t h e  i n i t i a l  g u e s s .  
E x a m p l e  5 .  2  
T h e  s y s t e m  s h o w n  i n  F i g u r e  5 - 4  i s  c o m p l e t e l y  u n s t a b l e  d u e  t o  t h e  
p r e s e n c e  o f  a  p a i r  o f  c o m p l e x  p o l e s  o n  t h e  r i g h t  h a n d  p l a n e .  D e s i g n  
t w o  i d e n t i c a l  s e c t i o n s  o f  f i l t e r  a n d  f i n d  t h e  f o r w a r d  a n d  f e e d b a c k  g a i n s  
r e q u i r e d  t o  g i v e  t h e  c o m p e n s a t e d  s y s t e m  a  p a i r  o f  c o m p l e x  p o l e s  l o c a t e d  
a t  ' 1  =  0 .  5 ,  W  n  =  5 .  0 ;  a  3  d b  b a n d w i d t h  a t  a  f r e q u e n c y  W  b  =  1 .  0  
r a d i a n s /  s e c o n d ;  a  c o n s t a n t  e r r o r  c o e f f i c i e n t  K  =  2  .  0  a n d  a  r o o t  
p  
s e n s i t i v i t y  c o n s t a n t  S e  =  0 .  2  
R ( s ) + '  
+~ 
( S + Z )  Z  
K ( S +  1 )  
!  
1 .  
( S + P )  
2  
- j  
- j  
( 8 + 2 )  ( S + S )  ( S - 2 - S j )  ( S - 2 + 5 j )  
- ·  - -
---- -~ KaS2:t~J 
i  
I  
· - - - - - -- -
- - - -
-
F i g u r e  5 - 4  
B l o c k  D i a g r a m  f o r  E x a m p l e  5 .  2  a n d  5 .  3  
6 8  
C  ( s )  
I  
F o l l o w i n g  t h e  s a m e  s t e p s  a s  e x a m p l e  5  . 1  t h e  e q u a t i o n s  c a n  b e  w r i t t e n :  
K p  =  ( K f 2
2
) / 2  9 0 P
2  
C E ( s )  =  A ( 7 ) S
6  
+  A ( 6 ) S
5  
+  A ( S ) S
4  
+  A ( 4 ) S
3  
+  A ( 3 ) S
2  
+  A ( 2 .) S  +  A ( 1 )  
[  ( K  2 )  2  +  ( K  B )  2 ]  1 / 2  
f  f  
I
~ I  =  ( 1 / 2 )  1 / 2  =  
R ( j B )  
[ ( A ( S ) B
4
- A ( 3 ) B
2
+ A ( 1 ) )
2  








w h e r e  t h e  f o l l o w i n g  d e f i n i t i o n s  w e r e  m a d e :  
A N  ( 1 )  =  K f 2
2  
A N  ( 2 )  =  2 K f 2  +  K f 2
2  
A N  ( 3 )  =  2 K f 2  +  K f  
A N  ( 4 )  =  1 .  0  
A ( 1 )  =  2 9 0 P
2  
+  K f 2
2  
A ( 2 )  =  5 8 0 P  +  1 6 3 P
2  
+  K f K t 2
2  
+  2 K f 2  +  K f 2
2  
2  2  2  
A ( 3 )  =  2 9 0 + 3 2 6 P + l l P  + K  K  2  + 2 K  K  2 + K  K  2  + 2 K  2 + K  
f a  f t  f t  f  f  
A ( 4 )  =  1 6 3 + 2 2 P + 3 P
2
+ 2 K f K a 2 + K f K a 2
2
+ 2 K / t 2 + K f K t + K f  
A ( S )  =  1 1  +  6 P  +  P
2  
+  2 K  K  2  +  K  K  +  K  K  
f a  f a  f t  
A ( 6 )  =  1 .  0  
T a k i n g  t h e  p a r t i a l  d e r i v a t i v e s  w i t h  r e s p e c t  t o  t h e  s y s t e m  g a i n ,  
A D ( 1 )  =  2
2  
A D  ( 2 )  =  K  2
2  
+  2 2  +  2
2  
t  
2  2  
A D  ( 3 )  =  K  2  +  2 K  2  +  K  2  +  2 2  +  1 .  0  
a  t  t  
A D  (  4 )  =  K  2  
2  
+  2  K  2  +  2  K  2  +  K  +  1 .  0  
a  a  t  t  
A D  (  5 )  =  2  K  2  +  K  +  K  
a  a  t  
A D ( 6 )  =  K  
a  
A D ( ? )  =  0 .  0  
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F r o m  t h e  a b o v e  d e f i n i t i o n s  i t  i s  e a s y  t o  i m a g i n e  t h e  c o m p l e x i t y  o f  t h e  
r e s u l t a n t  e q u a t i o n s  w h e n  t h e  b a n d w i d t h  a n d  s e n s i t i v i t y  e q u a t i o n s  a r e  
e x p a n d e d .  T h e s e  a r e  p r a c t i c a l l y  i m p o s s i b l e  t o  s o l v e  w i t h o u t  a  c o m p u t e r .  
U s i n g  t h e  c o m p u t e r  p r o g r a m  i n  A p p e n d i x  D  I  a  s o l u t i o n  w a s  o b t a i n e d  a n d  
i s  s h o w n  i n  t h e  f o l l o w i n g  p a g e s .  
T h e  s o l u t i o n  o f  t h i s  s y s t e m  i n d i c a t e s  t h a t  i n  o r d e r  t o  m e e t  t h e  
s p e c i f i c a t i o n s  t h e  c o m p e n s a t o r  z e r o  o f  t h e  d o u b l e  s e c t i o n  o f  f i l t e r  m u s t  
b e  r e p l a c e d  o n  t h e  r i g h t  h a n d  p l a n e .  B y  i n s p e c t i o n  o f  t h e  c o m p e n s a t e d  
s y s t e m  r o o t s  t h e  s y s t e m  i s  s t a b l e .  T h i s  m e a n s  t h a t  s t a r t i n g  f r o m  a  
c o m p l e t e l y  u n s t a b l e  s y s t e m  t h e  r e s u l t  a f t e r  c o m p e n s a t i o n  i s  a  s t a b l e  
s y s t e m  s a t i s f y i n g  a l l  f i v e  s p e c i f i c a t i o n s .  A  m u c h  m o r e  r e a s o n a b l e  a n s w e r  
w o u l d  h a v e  b e e n  i f  t h e  c o m p e n s a t o r  z e r o  c a n  a l s o  b e  m o v e d  t o  t h e  l e f t  
h a n d  p l a n e .  T h i s  I  h o w e v e r  I  i s  v e r y  d i f f i c u l t  t o  m e e t  w i t h  t h e  g i v e n  
c o m b i n a t i o n  o f  c o m p e n s a t o r  d e v i c e s  a n d  r e q u i r e d  s p e c i f i c a t i o n s .  
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E x a m p l e  5 .  3  
R e d e s i g n  t h e  s y s t e m  o f  e x a m p l e  5 .  2  w i t h  a  3  d b  b a n d w i d t h  a t  t h e  
f r e q u e n c y  B  =  0 . 3 4  a n d  w i t h  a  r o o t  s e n s i t i v i t y  c o n s t a n t  o f  S  =  0 . 1 6 .  
e  
I n s p e c t i o n  o f  t h e  r e s u l t s  s h o w n  i n  t h e  f o l l o w i n g  p a g e s  i n d i c a t e s  t h a t  
t h e  g i v e n  s p e c i f i c a t i o n s  a r e  e x a c t l y  m e t  a n d  t h e  s y s t e m  i s  s t a b l e  w i t h  
a l l  i t s  p o l e s  a n d  z e r o s  o n  t h e  l e f t  h a n d  p l a n e .  A l s o  i t  i s  w o r t h w h i l e  
t o  o b s e r v e  t h e  i n c r e a s e  i n  s y s t e m  g a i n  a s  t h e  s e n s i t i v i t y  c o n s t a n t  
w a s  r e d u c e d .  
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V I .  C O N C L U S I O N S  A N D  R E C O M M E N D A T I O N S  
T h e  p u r p o s e  o f  t h i s  p a p e r  w a s  t o  u s e  a  d i g i t a l  c o m p u t e r  t o  d e s i g n  
a  l i n e a r  c o n t r o l  s y s t e m ,  w h i c h  m u s t  s a t i s f y  u p  t o  f i v e  s p e c i f i c a t i o n s ,  
u s i n g  a l g e b r a i c  m e t h o d s .  T h e  f e a s i b i l i t y  o f  d o i n g  t h i s  w a s  e s t a b l i s h e d  
a n d  s e v e r a l  e x a m p l e s  s h o w e d  t h a t  w i t h i n  c e r t a i n  l i m i t a t i o n s  t h e  m e t h o d  
i s  a p p l i c a b l e .  
T w o  c o m p u t e r  p r o g r a m s  w e r e  w r i t t e n  b y  t h e  a u t h o r  u s i n g  i n  b o t h  
a l g e b r a i c  e q u a t i o n s ,  d e v e l o p e d  b y  o t h e r  a u t h o r s .  i n  e a r l i e r  w o r k ,  t o  
e x p r e s s  s p e c i f i c a t i o n s  s u c h  a s  r o o t  l o c a t i o n s ,  b a n d w i d t h ,  r o o t  s e n s i t i v i t y  
a n d  e r r o r  c o e f f i c i e n t .  T h e  f i r s t  p r o g r a m  i s  a c c u r a t e ,  f a s t  a n d  c a p a b l e  o f  
h a n d l i n g  r o o t  a n d  e r r o r  c o e f f i c i e n t  s p e c i f i c a t i o n s  t o  d e s i g n  a  l i n e a r  
c o n t r o l  s y s t e m  w h o s e  d i f f e r e n t i a l  e q u a t i o n s  a r e  a v a i l a b l e  a n d  c a n  b e  
e x p r e s s e d  a s  a  r a t i o  o f  t w o  p o l y n o m i a l s  i n  t h e  c o m p l e x  f r e q u e n c y  d o m a i n  
( t r a n s f e r  f u n c t i o n ) .  A  f i x e d  c o n f i g u r a t i o n  o f  c o m p e n s a t o r  d e v i c e s  c o n -
s i s t i n g  o f  a  c a s c a d e d  s i n g l e  f i l t e r  a n d  v e l o c i t y  ( t a c h o m e t e r )  f e e d b a c k  
w a s  u s e d  a n d  t h e  r e s u l t a n t  n o n l i n e a r  a l g e b r a i c  e q u a t i o n s  w e r e  s o l v e d  
b y  a  v e r y  s t r a i g h t f o r w a r d  m e t h o d  o f  l i n e a r i z a t i o n .  T h e  p r o g r a m  w a s  
w r i t t e n  t o  h a n d l e  u n c o m p e n s a t e d  t r a n s f e r  f u n c t i o n s  u p  t o  n i n e  o r d e r  
d e n o m i n a t o r  a n d  s e v e n  o r d e r  n u m e r a t o r ,  h o w e v e r ,  i m p l e m e n t a t i o n  f o r  
h i g h e r  o r d e r  c a s e s  i s  a p p a r e n t .  O n  t h e  o t h e r  h a n d  t h e  p r o g r a m  w a s  
w r i t t e n  t o  g i v e  t w o  s o l u t i o n s  f o r  a  p a r t i c u l a r  s y s t e m  i f  a l l  t h e  p a r a m e t e r s  
a r e  p h y s i c a l l y  r e a l i z a b l e .  I n  a d d i t i o n ,  i t  w a s  p r o v i d e d  t h e  p o s s i b i l i t y  
o f  g e t t i n g  o n l y  o n e  s o l u t i o n  o r  s i m p l y  n o  s o l u t i o n  w h e n  t h e  p a r a m e t e r s  
a r e  n o t  p h y s i c a l l y  r e a l i z a b l e .  
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A s  a  c o n s e q u e n c e  o f  i n c r e a s i n g  t h e  n u m b e r  o f  s p e c i f i c a t i o n s  a  
d i f f e r e n t  a p p r o a c h  w a s  n e e d e d  f o r  w r i t i n g  t h e  s e c o n d  p r o g r a m .  T h a t  i s  
1  
t h e  p r e s e n c e  o f  s p e c i f i c a t i o n s  a s  r o o t  s e n s i t i v i t y  a n d  b a n d w i d t h  m a d e  
i t  i m p o s s i b l e  t o  u s e  a  l i n e a r i z a t i o n  m e t h o d  t o  s o l v e  t h e  r e s u l t a n t  n o n -
l i n e a r  e q u a t i o n s .  T h e r e f o r e  I  a n  i n t e r p o l a t i v e  p r o c e d u r e  ( A p p e n d i x  C )  
w a s  r e q u i r e d  a n d  s e v e r a l  s u b r o u t i n e s  a n d  e x t e r n a l  f u n c t i o n s  s u b - p r o g r a m s  
w e r e  w r i t t e n  i n  c o n j u n c t i o n  w i t h  a  r a t h e r  g e n e r a l  p r o g r a m  b a s e d  o n  t h e  
c h a r a c t e r i s t i c  e q u a t i o n  o f  t h e  p a r t i c u l a r  s y s t e m  t o  b e  d e s i g n e d .  T h e  
e x a m p l e s  s h o w e d  t h e  a c c u r a c y  o f  t h e  d e s i g n  a n d  t h e  d e p e n d e n c e  o f  t h e  
r e s u l t s  o n  t h e  s e t  o f  i n i t i a l  v a l u e s  f o r  t h e  u n k n o w n  p a r a m e t e r s  g u e s s e d  
b y  t h e  d e s i g n e r .  T h i s  s e t  o f  i n i t i a l  v a l u e s  c o n s t i t u t e  t h e  m a i n  d i s -
a d v a n t a g e  o f  t h e  t e c h n i q u e  ( t h e  m e t h o d  m a y  d i v e r g e  f o r  p o o r  i n i t i a l  
g u e s s  f o r  t h e  u n k n o w n  p a r a m e t e r s ) .  O n e  w a y  o f  i m p l e m e n t i n g  t h e  i n i t i a l  
g u e s s  c o u l d  b e  b y  u s i n g  s o m e  k i n d  o f  s e a r c h  p r o c e d u r e  a s  i t  i s  u s e d  i n  
s o m e  p r o f e s s i o n a l  s u b r o u t i n e s  ( t h i s  i s  n o t  s h o w n  i n  t h i s  p a p e r ) .  A n o t h e r  
w a y  u s e d  b y  t h e  a u t h o r  
1  
c a n  b e  s u m m a r i z e d  a s  f o l l o w s :  
a .  U s e  p r o g r a m  R O S D E P  ( r o o t s  a n d  e r r o r  s p e c i f i c a t i o n  d e s i g n  
p r o g r a m )  a n d  f i n d  t h e  u n k n o w n  p a r a m e t e r s  r e q u i r e d  t o  m e e t  r o o t  a n d  
e r r o r  s p e c i f i c a t i o n s  u s i n g  s i n g l e  s e c t i o n  o f  f i l t e r  i n  c a s c a d e  a n d  
t a c h o m e t e r  f e e d b a c k  a s  c o m p e n s a t o r  d e v i c e s .  
b .  F r o m  t h e  c h a r a c t e r i s t i c  e q u a t i o n  o f  t h e  c o m p e n s a t e d  s y s t e m  
( a c t u a l  p r o b l e m )  f i n d  t h e  v a l u e s  o f  r o o t  s e n s i t i v i t y  a n d  f r e q u e n c y  a t  3  d b  
b a n d w i d t h .  T h i s  c a n  b e  d o n e  u s i n g  t h e  s a m e  e q u a t i o n s  r e q u i r e d  a s  i n p u t  
f o r  t h e  a c t u a l  p r o g r a m  o f  d e s i g n  
1  
F I S D E P ,  b y  a  v e r y  s i m p l e  a u x i l i a r y  p r o g r a m  
w h o s e  f l o w c h a r t  i s  i n d i c a t e d  i n  F i g u r e  6 - 1 .  
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A s s u m e  a  
v a l u e  f o r  
K a  
W r i t e  B a n d w i d t h  
E q u a t i o n s  ( B C )  
, /  
. /  
W r i t e  B a n d w i d t h  
F i g u r e  6 - 1  
J N ' O  
F l o w c h a r t  s h o w i n g  s e n s i t i v i t y  
a n d  B a n d w i t c h  c a  l e u  l a t i o n s  
7 8  
- ' 1  
i  =  i  +  1  
B = B + 0 . 0 1  
c .  C o m p a r e  t h e  v a l u e s  o b t a i n e d  f o r  s e n s i t i v i t y  a n d  b a n d w i d t h  
w i t h  t h e  c o r r e s p o n d i n g  s p e c i f i c a t i o n s  a n d  m a k e  r e a s o n a b l e  a d j u s t m e n t s  
a c c o r d i n g  t o  t h e  c o n f i g u r a t i o n  o f  c o m p e n s a t o r  d e v i c e s  r e q u i r e d  t o  u s e  
a n d  s o m e  r u l e s  a s :  
1 .  T h e  s i g n  o f  t h e  s e n s i t i v i t y  c o n s t a n t  i s  o n l y  a  m e a s u r e  
o f  d i r e c t i o n .  
2 .  T h e r e  i s  a  t e n d e n c y  ( v e r i f i e d  f o r  s o m e  s y s t e m s )  t o  
i n c r e a s e  t h e  g a i n  a s  t h e  s e n s i t i v i t y  d e c r e a s e s .  
T h e  r e a s o n  f o r  t h e  a u t h o r  t o  s u g g e s t  t h i s  p r o c e d u r e  i s  b a s e d  o n  t h e  
f a c t  t h a t  d u r i n g  t h e  r e s e a r c h  h e  f o u n d  t h a t  f o r  s e v e r a l  t r a n s f e r  f u n c t i o n s  
s t u d i e d  t h e  r o o t s  a n d  e r r o r  c o e f f i c i e n t  s p e c i f i c a t i o n s  w e r e  s a t i s f i e d  
( e v e n  t h o u g h  t h e  i n i t i a l  g u e s s e s  w e r e  t a k e n  a t  r a n d o m )  
1  
b u t  t h e  s e n s i t i v i t y  
a n d  b a n d w i d t h  s p e c i f i c a t i o n s  w e r e  m u c h  m o r e  d i f f i c u l t  t o  s a t i s f y .  T h e r e -
f o r e  
1  
a  k n o w l e d g e  o f  w h a t  t h e s e  q u a n t i t i e s  w i l l  b e  l e a d s  t o  a  b e t t e r  
g u e s s  a n d  h e l p s  t o  i n s u r e  t h e  c o n v e r g e n c e  o f  t h e  p r o c e d u r e .  O n  t h e  o t h e r  
h a n d  t h e  t o t a l  c o m p u t a t i o n a l  t i m e  u s i n g  t h e  s u g g e s t e d  a p p r o a c h  i s  
i n c r e a s e d  o n l y  b y  a b o u t  3  0  s e c o n d s  c o m p a r e d  w i t h  t h e  c o m p u t a t i o n a l  t i m e  
r e q u i r e d  f o r  a  c o m p l e t e  r u n  t a k i n g  d i r e c t l y  t h e  g u e s s e d  v a l u e s .  
I n  c o n c l u s i o n  i t  w a s  s h o w n  i n  t h i s  p a p e r  t h a t  a  d i g i t a l  c o m p u t e r  
c a n  b e  u s e d  t o  d e s i g n  l i n e a r  c o n t r o l  s y s t e m s  a n d  t h a t  t h e  m e t h o d  i n s u r e s  
n e i t h e r  d o m i n a n c e  o f  t h e  g i v e n  c o m p l e x  p o l e s  n o r  p h y s i c a l  r e a l i z a b i l i t y  
o f  t h e  s y s t e m  p a r a m e t e r s  
1  
b u t  i t  d o e s  i n s u r e  t h a t  t h e  s p e c i f i c a t i o n s  w i l l  
b e  m e t  a n d  s t a b i l i t y  i n f o r m a t i o n  c a n  b e  o b t a i n e d  f r o m  t h e  c o m p e n s a t e d  
s y s t e m  r o o t s .  F u r t h e r m o r e  I  t h e  a u x i l i a r y  p r o g r a m  s u g g e s t e d  t o  h e l p  i n  
7 9  
f i n d i n g  t h e  i n i t i a l  g u e s s  v a l u e s  t o  b e  u s e d  i n  p r o g r a m  F I S D E P  ( f i v e  
s p e c i f i c a t i o n s  d e s i g n  p r o g r a m )  p r o v i d e d  a  t r i v i a l  m e t h o d  o f  c o m p u t i n g  
r o o t  s e n s i t i v i t y  a n d  3  d b  b a n d w i d t h  f o r  a  r o o t  a n d  e r r o r  s p e c i f i c a t i o n s  
d e s i g n  p r o b l e m  w h o s e  s o l u t i o n  w a s  o b t a i n e d  u s i n g  p r o g r a m  R O S D E P .  
8 0  
APPENDIX A 
TABLE OF CHEBYCHEV' s FUNCTIONS (Uk ( V )) 
r u_l f--j) u (y) u ( ~) u 2 ( 'f) u3 ( '?') u 4 (f) us('f) U6('f) 0 1 1 
o.o -1.000 o. o -1. 000 -o.o 1.000 -o .o -1.000 -r. ~ 
0.050 -1.0CD o.o -1. 000 0 .100 0 .990 -0.199 - c . 970 ~ .296 
0.100 -1.000 o. o -1. 000 0 .200 J.960 -0.392 -o .882 0.568 
0.150 -1.000 o.o -1.000 () . 300 0 .910 -0.573 -0.738 0.794 
a·. 200 
-1.000 o.o -1.01)0 0 .400 ·J. 840 -0.736 - o . 546 0 .954 
o. 250 -1.000 o.o -1. 000 0 .500 o . 750 - 0 .875 - 0 .313 1.0 31 
0.300 -1.000 o.o -1. 000 0 .600 0.640 -0.984 - 0 .050 1 • ., 14 
0.350 -1.000 o.o -1.000 0 .700 () .510 -1.057 0 . 230 n .B96 
0 .400 -1.000 o.o -1.000 o .8oo o . 360 -1.0 88 o. 510 0 .6 80 
CXl 
0 .450 -1.000 o.o -1.000 0 .90 0 0 .190 -1.071 0.774 0 . 374 
I-' 0.500 -1.000 o.o -1. 000 1.000 o.ooo -1.000 1 . 000 0 . !)0 J 
0.550 -1.000 o.o -1.000 1.100 - 0 .210 - 0. 869 1.166 -0.413 
0 .600 -1.000 o.o -1.000 1.200 - 0 .440 - 0 .672 1.246 - 0 .824 
o.tso -1.000 o.o -1.000 1.300 - o .690 -0.403 1. 214 -1.1 7 5 
0.700 -1.0 00 o.o -1. 000 1. 400 - () .960 -0.056 1.038 -1.398 
o. 750 -1.000 o.o -1.000 1.500 -1.250 0.375 0 .688 -1.406 
o.8oo -1.000 o.o -1.000 1.600 -1.560 0.896 0 .126 -1. 0 98 
0.850 -1.000 o. o -1.000 1.700 -1.890 1.513 - 0 .682 -o. 353 
o.c;oo 
-1.000 o.o -1 .0()() 1.800 -2.240 2.232 -1. 77 8 0 .968 
0.<150 -1.000 o.o -1.{)00 1.900 -2.610 3.059 -3.20 2 3.025 
1.000 -1.00{) o.o -1. 000 2. 000 -3. 000 4.000 -5.000 6. 000 
APPENDIX B 
FIRST DERIVATI'iE OF SOME 
CI:IE~~CHEV' s_ F!JN_f:TIONS (Uk (f)) 
r Uz(f) U30' ) u4(r) U' (1-) 5 U' ( y) 6 U? ( ]·) us ( r) 
o.o 2.000 o . o -4. 00 0 - o . o 6. 000 o.o -8.oo o 
0.050 2.0(10 0 .400 -3.940 -1.192 5.761 2.360 -7.40 6 
0.100 2.0 00 o .8oo -3.760 -2.336 5. 056 4.484 -5 . 695 
O.lSO 2.0 00 1.200 -3.460 -3. 384 3. 921 6.149 -3.076 
0.200 2.000 1.600 -3.0 40 -4.288 2.416 7.163 0 .121 
.250 2.000 2. 0 00 -2 . 500 -5. 00 0 0 .625 7.375 3.469 
0.300 2.000 2.400 -1.840 -5.472 -1.344 6.693 6.477 
0 .350 2.0 00 2.800 -1.060 -5.656 -3.35 9 5. 097 8.641 
0.4{10 2.000 3.200 - 0 .160 - 5.504 -5.264 2.652 9.494 
OJ 0 .450 2.000 3.600 0 .861) -4.968 -6.879 - 0 .4 74 8.674 
N 
0 .500 2.000 4. 000 2.000 -4.000 -8.00 0 - 4. 0 0 0 6. 000 
0 .550 2.000 4.400 3.260 -2.552 -8.399 -7.514 1. 556 
0.600 2.000 4.800 4.640 - 0 .576 -7.824 -10.460 -4.212 
0 .650 2.000 5.200 6. 140 1.976 -5.999 -1 2.125 -10.391 
0.70 0 2.000 5.600 7.76 0 5.152 -2.624 -11.621 -15.483 
0.750 2.000 6.00 0 9 . 50 0 9.000 2.625 -1.875 -17. 281 
o. aoo 2. 000 6.400 11 . 36() 13.568 10 . 0 96 0.389 -12. 735 
0.85(' 2.000 6.800 13 . 340 18.904 20 .161 14 .663 2.20 0 
0.90 0 2.000 7.200 15. 440 25.056 33.216 36.668 32.715 
. 0.950 2. 000 7.600 17. 660 32.072 49.681 68.371 85.315 
1. 000 2.000 a. ooo 20 .00 0 40.000 71) . 000 111.999 167.998 
A P P E N D I X  C  
T h e  a l g o r i t h m  s u m m a r i z e d  i n  t h e  f l o w c h a r t  o f  F i g u r e  C - 1  w a s  u s e d  
t o  w r i t e  t h e  s u b r o u t i n e s  t o  s o l v e  t h e  n o n l i n e a r  e q u a t i o n s  r e s u l t a n t  f r o m  
a  f i v e  ( o r  l e s s )  s p e c i f i c a t i o n s  d e s i g n  p r o b l e m .  " I t  i s  a  v a r i a t i o n  o f  
N e w t o n ' s  m e t h o d  
1  
i n  w h i c h  t h e  p a r t i a l  d e r i v a t i v e s  a r e  r e p l a c e d  b y  t h e  
m u l t i d i m e n s i o n a l  a n a l o g u e s  o f  d i f f e r e n c e  q u o t i e n t s .  I t  p r o d u c e s  s u p e r -
l i n e a r  c o n v e r g e n c e  ( o f  o r d e r  l / 2  ( l  +  J S )  o r  a p p r o x i m a t e l y  l .  6 2 )  t o  a  
s i m p l e  z e r o  
1  
p r o v i d e d  t h e  g i v e n  f u n c t i o n s  a r e  t w i c e  c o n t i n u o u s l y  
d i f f e r e n t i a b l e  i n  a  n e i g h b o r h o o d  o f  t h e  z e r o  
1  
a n d  t h e  i n i t i a l  a p p r o x i m a t i o n s  
a r e  c l o s e  e n o u g h . "  [ 6 ]  
k + l  
C o m p u t e  P  
- r - - - - - · - -
~ x k + l  =  x k  +  P k  1  
F i g u r e  C - 1  
Y e s  
F l o w c h a r t  s h o w i n g  t h e  p r o c e d u r e  
u s e d  t o  s o l v e  a  s e t  o f  n o n l i n e a r  e q u a t i o n s  
8 3  
T h e  c a p i t a l  l e t t e r s  i n d i c a t e d  i n  t h e  f l o w c h a r t  o f  F i g u r e  3 - 1  r e f e r  t o  
m a t r i c e s  ( o r  v e c t o r s )  .  T o  c o m p u t e  t h e m  t h e  f o l l o w i n g  d e f i n i t i o n s  a r e  
r e q u i r e d :  
k  k - 1 11  k  
D  =  l l x  - X  '  H  
w h e r e  
l l x k  - X k -
1
1 1  i s  t h e  E u c l i d e a n  n o r m  o f  t h e  v e c t o r  X  
p k p k  
k  k  k  k  
- P k  
1  2  
P 1 P 3  . . . . . . • . . . .  P 1 P n  
1  
_  ( P k )  2  
k  k  k  k  
- P k  
P 2 P 3  . . . . . . . . . . .  P 2 P n  
1  2  
H k  =  
I  o  





k  2  k  
0  •  •  •  •  •  •  •  •  •  •  •  •  •  _ " \ " " " '  ( P  .  )  - P  
L  J  n  
j = 1  
C  i s  a  d i a g o n a l  m a t r i x  c h o s e n  t o  n o r m a l i z e  t h e  c o l u m n s  t o  l e n g t h  1  
k + 1  k + 1  k  
P  = X  - X  
B k  =  f ( X k )  
k  k  k  
A =  f ( X  + D  )  - B  
k  - 1  k  
E  = A  B  
p k + 1  =  D k E k  
t  t  
U s i n g  t h e s e  d e f i n i t i o n s  a n d  X  =  [ x  y  z  p  r  ]  a n d  P  =  [ d x  d y  d z  d p  d r ]  
f o r  a  s y s t e m  o f  f i v e  e q u a t i o n s  a n d  f i v e  u n k n o w n  t h e  f o l l o w i n g  m a t r i x  
c a n  b e  w r i t t e n :  
8 4  
s d y / u  
s d x d z / v u  
s d x d p / w v  d x d r / w  
- d x  
- s d x / u  
s d y d z / v u  
s d y d p / w v  d y d r / w  
- d y  
D =  
I  
0  
- s u / v  s d z d p / w v  
d z d r / w  
- d z  
0  
0  
- v s / w  d p d r / w  
- d p  
0  
0  0  
- w  
- d r  
I . . .  
w h e r e  
2  
+  d y  2 )  l / 2  
u  =  




+  d z 2 )  l / 2  
v  =  





+  d p 2 )  l / 2  
w  =  +  d y .  




2  2  
+  d r 2 )  l / 2  
s  
=  
+  d y  +  d z  +  d p  
T h e  v e c t o r  B  a n d  m a t r i x  A  w e r e  c o m p u t e d  u s i n g  a n  e x t e r n a l  f u n c t i o n  ( f )  
i n  w h i c h  t h e  n o n l i n e a r  e q u a t i o n s  w e r e  s e t  i n  t e r m s  o f  t h e  u n k n o w n  
p a r a m e t e r s .  L i k e w i s e  t h e  v e c t o r  E  w a s  c a l c u l a t e d  u s i n g  a n  e x t e r n a l  
s u b r o u t i n e  f o r  s o l v i n g  l i n e a r  a l g e b r a i c  e q u a t i o n s .  
D i f f e r e n t  s u b r o u t i n e s  w e r e  w r i t t e n  f o r  t h e  c a s e s  o f  t h r e e ,  f o u r  a n d  
f i v e  s i m u l t a n e o u s  e q u a t i o n s .  I n  a l l  o f  t h e m  a  m a x i m u m  o f  o n e  t h o u s a n d  
i t e r a t i o n s  w e r e  c o n s i d e r e d  a n d  i n d i c a t i o n  o f  c o n v e r g e n c e  w a s  p r o v i d e d  
b y  u s i n g  a  c o u n t e r  w h i c h  f i n a l l y  w i l l  b e  o u t p u t  o f  t h e  m a i n  p r o g r a m .  I f  
t h e  n u m b e r  o f  i t e r a t i o n s  i n  t h e  o u t p u t  i s  i n d i c a t e d  b y  a  z e r o  t h e  
p r o c e d u r e  d i d n ' t  c o n v e r g e  a n d  a n o t h e r  s e t  o f  i n i t i a l  v a l u e s  s h o u l d  b e  
t r i e d .  O t h e r  p a r a m e t e r s  i n  t h e  s u b r o u t i n e s  a r e  s e l f  e x p l a n a t o r y .  


















































*******ROOTS ANC ERROR COEFFICIENT DESIGN PROGRAM(ROSDEP)********* 
T~IS PROGRAM USES ROOT SPECIFICATIONS AND ERROR COEFFICIE~T TO DE SIGN A CONTROL SYSTEM WHOSE TRANSFER FUNCTION G(S) IS CASCADED 
WITH A COMPENSATOR DEVICE,GC(St,AND A TACHOMEfER FEEDBACK COMPENSA 
TOR. GC(S) IS DESIGNED TO BE A SINGLE SECTION OF FILTER INSIDE OR 
OUTSIDE THE INTERNAL LOOP FORMED BY TACHOMETER AND TRANSFER FUNC 
TION.AN EXTERNAL LOOP AROUND COMPENSATORS AND PLANT USES NEGATIVE 
UNITY FEEDSACK.G(S) IS ASSUMED AS A TRANSFER FUNCTION DESCRIBING 
THE UNCOMPENSATED SYSTEM AS A RATIO OF TWO PCLYNOMIALS IN THE S DO 
MAIN.t.E.THE LAPLACE'S TRANSFORM OF THE SYSTEM DIFFERENTIAL EQUA 
TICNS.THIS TRANSFER FUNCTION MAY BE EITHER IN FACTORED FORM OR AS 
A RATIO OF POLYNOMIALS OF KNOWN COEFFICIENTS.THE ORDER OF THE NUME 
RATOR IS ASSUMEC TO BE LESS THAN OR EQUAL TO SEVEN AND THAT OF THE 
DENOMINATOR LESS THAN OR EQUAL TO NINE. 
THE PROGRAM REQUIRES AS INPUT A SET OF TEN DATA CARDS ORDERED IN THE FOLLOWING MANNER: 
DATA CARD N 01 IN FORMAT 5I5 THE ORDER OF THE DENOMINATOR TRANSFER 
FUNCTION(N),THE NUMERATOR TRANSFER FUNCTION(M), THE 
INTEGER(NT) ZERO OR ONE DEPENDING ON WHETHER OR NOT 
THE POLYNOMIALS ARE IN FACTORED FORM(DATA CARDS NI-
~E AND TEN SHOULD BE OMITTED IF NT IS ZERO.LIKEWISE 
DATA CARDS THREE THROUGH EIGHT SHOULD BE OMITTED IF 
NT IS ONE)fTHE INTEGER(INSF) ZERO OR ONE DEPENDING ON THE POS liON OF THE FILTER THAT IS: 
A. ZERO:IMPLIES FILTER OUTSID~ THE INTERNAL LOOP 
B. GNE:IMPLIES FILTER INSIDE THE INTERNAL LOOP AND 
THE INTEGER(ING) ZERO OR ONE DEPENDING RESPECTIVELY 
ON WHETHER THE GAIN TRANSFER FUNCTION IS VARIABLE 
AND A FIXED EXTERNAL LOOP GAIN HAS BEEN SPECIFIED 
OR IF THE TRANSFER FUNCTION GAIN IS FIXED AND AN EX 
TERNAL GAIN IS TO BE FOUND. 
DATA CARD N 02 IN FORMAT 6Fl0.3.THE DESIRED VALUES FOR THE DAMPING 
RATIO,NATURAL FREQUENCY,REAL ROOT,ERROR COEFFICI-
ENT,SPECIF I ED GAIN TRANSFER FUNCTION(IF lNG IS ZERO 
LEAVE BLANK FIELD) AND THE SPECIFIED EXTERNAL LOOP GAIN(IF lNG IS ONE LEAVE BLANK FIELD). 
DATA CARD # 03 IN FORMAT 215,THE NUMBER OF REAL ZEROS (KN) AND COM 
PLEX CONJUGATE ZEROS (LN) RESPECTIVELY IN THE UNCOM 
PENSATED TRANSFER FUNCTION. 
DATA CARD # 04 IN FORMA T 10F8.2.THE NUMERICAL VALUE FOR THE REAL 
ZEROS OF THE UNCOMPENSATED TRANSFER FUNCTION WITH 
THEIR CORRESPONDING NEGATIVE SIGN IF THEY ARE LOCA 
TEO ON TH E LEFT HALF PLANE.IF KN IN DATA CARD 03 IS 
EQUAL TO ZE RO A BLANK CARD SHOULD BE USED. 
























DATA CAR D I# 06 
DATA CARD I# 0 1 
DATA CARD I 08 
DATA CARD I 09 
DATA CARD I 10 
LEX CONJUGATE ZEROS OF THE GIVEN PLANT,GCS),ORDERED 
REAL AND IMAGINARY PART. EXAMPLE: CS+l-2J).CS+l+2J) 
WILL APPEAR AS -1.00 IN THE FIRST EIGHT COLUMNS AND 
2.00 SOMEWHERE BETWEEN COLUMN NINE AND SIXTEEN. IF 
LN IN DATA CARD I 03 IS EQUAL TO ZERO A BLANK CARC SHOULD BE USED. 
IN FORMAT 215.THE NUMBER OF REAL POLES CKD) AND COM 
PLEX CONJUGATE POLES CLD) RESPECTIVELY IN THE UNCOM 
PENSATEO TRANSFER FUNCTION. 
SAME AS DATA CARD t04 BUT REPLACING THE WORDS ZEROS 
BY POLESLKN BY KO ANO 03 BY 0 5. SAME AS uATA CARD 1#05 BUT REPLACING THE WORDS ZEROS 
BY POLES LM BY LD AND 03 BY 0 5. 
IN FORMAT 10F8.3 THE COEFFICIENTS OF THE UNCOMPENSA 
TEO NUMERATOR POLYNOMIAL ORDERED IN DESCENDING PO 
WERS OF S.CNUMBER OF COEFFICIENTS SHOULD BE M+ll. 
IN FORMAT 10F8.3 THE COEFFICIENTS Of THE UNCOMPENSA 
TEO DENOMINATOR POLYNOMIAL ORDERED IN DESCENDING PO 
WERS OF S.CNUMBER OF COEFFICIENTS SHOULB BE N+l). 
DIMENSION ZRC15)JZCRC15)~ZCIC15) PRC15J,PCRC15) PCIC15)tAC15) 1 &QC15),U(15),0(25 ,CC10)tKOOTR(l5J,ROOTI 15),WBC{5J,WCC1,),EC1,), 
&FC15J,RC20l~S(20),EAC15J,TC15J,ROC20l,EOC20) 








IFCNT.EQ.1)GO TO 4 
READC5,7)KN LN 
PEADC5,5JCZRCIJ,I=lfKNI REAOC5,5)CZCRCIJ,ZC (J),l=l,LN) 
READC5,7JKD,LD 
READC5,5)CPR(I) I=1 KD) 
READC5,5HPCRC If,pcfCI I tl=l,LDJ 
CALL COPOLCKN,ZR,LN,ZCR,ZCJ,M,A) 
CALL COPOLCKD,PR,LD,PCR, PCI,N,Q) 
WRITEC6,222lZETA 
WRITEC6,223) GMEGA 
WRITEC 6, 224JSIGMA 
WRITEC6,225)ERRCO 
IFCING .E Q. OlWR I TE C6 , 593)GEX 
I F( ING.EQ. l)WRITEC6,594)GI N 





WRITE(6,8) (Q(I ),I=l,NP1) 
w fH T E C 6, 22 6) 
WRIT EC 6,227lCZRCI),I=l,KN) 




W R I T E ( 6 , 23 U 
WRI TE(6,229)(PCRCI),PCICil,I=l,LD) 
GG TO 9 












WRITEC6 8)CQCI),I= 1 NPl) 
CALL coENUMCN ,M, zerl,oMEGA, SIGMA ,A,EAl 
co 130 1=1,3 
O(I)=EACU · 
00 150 1=416 C(l+5t=EAC ) 
DO 160 1=7,<; 
DCI+6l=EACI) 
CALL COEOENCN,ZETA,OMEGA, S IGMA,Q,T) 
00 170 1=1 3 
CCI+4l=TCIJ 
DO 180 1=4}6 CC I-3)=TCI 
C ( 4 ) =-A C M + 1 ) 
IF(Q(N+lt.EQ . O . O .A NO.QC~).EQ.O. O )GO TO 18 
IFtQCN +l).EQ.O.CtGO TO 19 
CC8l=ERRCO*QCN+ll 
GC TO 20 
18 DC8l=ERRCO*Q CN-1) 
GO ro 20 
19 0(8)=ERRCO*Q(N) 
20 CC12)=0 . 0 
0(16 )=0 . 0 
CC4)=0. 0 
NA=4 CALL SIMQ( O,C,NA,KS } 
ALFA=C C lJ 
BETA=C(2) 
OELTA=CC3) 







W R IT E C 6 , 29 ) 
WRITEC6,30) 
· rFCINSF.EQ.llGO TO 373 
















CALL COECE2CINSF,M,MA,GIN,TACGAO,ZEROO,POLErGAINO,ArEO) GO TO 374 
OIS=GAMMA**2-4.0*DELTA*ALFA 
IFCING.EQ.llGO TO 476 
IFCOIS)l6 17 17 
GAINl=Cl.O/ll.O*GEX))*CGAMMA+SQRTCDIS)) 





EC OI=CGA1Nl * ZER01*GEX* ACM +l))/(QCN+l)*POLE) CALL COECElCN,NNrPOLE,Q ,R ) 
CALL CO ECE2C I NS F,M, MM,GAIN l,TACGAl,ZEROl,POLE,GEX,A,S) WRITEC6,376) 
WRITE(6,45) 
WRITEC6j46)G AINl, TACG AlrPOLErZEROl GO TO 4 7 
IFCD1Sll61 478 ,478 GAIN1=(l . u/C2.0*GI N) l*CGAMMA+SQRT ( OIS)) 
IFCGAI N1 l l3 , 13, 479 
ZEROl=ALFA/CGAINl*GlN) 
TA CGAl=OEL TA /GIN 
ECOl=CGAINl*ZER01*GIN*A(M+ 1) l/CQCN+ll*POLEI CA LL COECElCNrNN,POLE,Q,R) 





c COEFFICIENTS OF THE COMPENSATED CHARACTERISTIC EQUATION FOR SOL f1 
c CALL PADOCE,NP2,R,NN,S,MM) 
WRITEC6,38) 
WRITEC6,53)(E(I),I=l,NP2) 





00 43 K=1 NPl 
43 WRITEC6,5l)POOTRCK),ROOTI(K) 
GO TO 93 










GO TO 4 1 
480 G~IN2=tl.O/C2.0*GIN))*(GAMMA-SQRTCDIS)) 








c COEFFICIENTS OF THE COMPENSATED CHARACTERISTIC EQUATION FOR SOL.t2 
c 
374 CALL PAOOCF~NP2,RO,NO,EO,MAt 
00 91 J=l,N 2 
91 WCCJ)=O.O 
CALL POLRTCF,WC,NPl,ROOTR , ROOTI,IER) 




WIH TEC6 ,41 ) 
DO 6 1 K=l ,NPl 
61 WR ITE C6 ,51) ROOTR CK) ,ROO TI( K) 
WRIT EC6t666) 
GO TO 1 t7 
48 WIHTEC6 1 49 ) GO TO 7 t1 
16 WRITEC6t60 ) 
1 FORMATC~l5) 
3 FORMATC6Fl 0 .3) 
21 FORMATC1Hl,//,20Xr'INPUT DATA') 
23 FORMATC20XJ' - ----- ----',//) 
1 FORMATC215 
5 FORMATC10F8.2) 
222 FORMATC//,20 X,•SPECIF ICATION FOR ZETA IS••••••••••••••••••••••••'• &El4.5 /) 
223 FORMAfC//,20X , 1 SPECIF ICATI ON FOR NATURAL FREQUENCY IS•••••••••••'• &El4.5 /) 
224 FORMAfC//,20 X,• SP ECIFIC ATI ON FOR REAL ROOT IS•••••••••••••••••••'• &El4.5 I) 22~ FORMAfC//,20 X,'SPECIFICATION FOR ERROR COEFFICIENT IS•••••••••••'• &El4.5 /) 
710 FORMAf(//,20Xt 1 COEFFICIENTS OF NUMERATOR POLYNOMIAL IN DESCENDING 
&ORDER', II 
720 FORMATC//,20 X, 1 COEFFICIENTS OF DENOMINATOR POLYNOMIAL IN DESCENDIN 
&G CRDER'1/) 
8 FORMAT(2oX,4El5.5) 
226 FORMAT(//, 20X, 1 REAL ZEROS OF UNCOMPENSATED TRANSFER FUNCTION 1 ,/) 
227 FORMATC//,20X,4El5.5,/) 
228 FORMATC//,20X, 1 COMPLEX CONJUGATES ZEROS OF UNCOMPENSATED TRANSFER 
&FUNCTION',/) 
229 FORMATC//,20 X,4E15.5,/) 
230 FORMAT (/ /,20X , 'REAL POL ES OF THE UNCOMPENSATED TRANSFER FUNCTION 
& • '/) 
221 FORMAT C/ / , 20X r 'COMPLEX CONJUGATES POLES OF UNCOMPENSATED TRANSFER 
&FUNCTION',/) 
10 FORMATC10F8.3) 
29 FORMATC1Hlr//,20X,'OUTP UT DATA',/) 
. 30 FORMAT C 20X, '------ ---- ' , I ) 
315 FORMAT C/ / ,20 X,'FILTER OUTS IDE INTERNAL LOOP, EXTERNAL GAIN SPECIFI SED',/) 
475 FORMATC// , 20 Xt'EXTERNAL GAI N• ••••• •• ••••• K= 1 rE 15.5,//, &20X, 1 TACHOMETtR GAIN•••••• •• ••KT =1 , El5.5, // , &20X,' COMPENSATOR POLE ••••• •• •• PC= 'rE 15.5,//, 
&20 X, ' COMPENSATOR ZERO•••••••••ZC='rE15.5,///) 
45 FORMATC//,20 X, 1 CHOICE ONE' ) 









4~1 FORMATC//,20 X,'FILTER OUTS I DE I NTERNAL LOOP, TRANSFER GAIN SPECIFI 
tEO',/) 
4~2 FOPMftTC//,20X, 1 flLTER INSIDE INTERNAL LOOP, TRANSFER GAI N SPECIFI 
seo•,/) 
46 FORMATC//~20 Xt'FORWARD GAIN••••••••••••••K=',El5.5,//, 
t20X,'TACHuMETtR GAIN••••••••••KT= 1 rE15 ~ 5,// , 
&20 X,• COMPENSATOR POLE•••••••••PC=',El5.5,//, &20 X,'CO MPENSATOR ZERO ••••••••• ZC='%El5.5,///) 
37 FORMATC//r20X,•COMPUTED ERROR COEF~ICIENT IS = 1 ,El5.5,/t 
38 FORMAT(//,20X,'COEFFICIENTS OF THE C.E. IN ASCENDING ORDER ' ) 
53 FORMAT(//r20X,3El5.5,/) 
40 FORMATC//,20X,'THE COMPENSATED SYSTEM ROOTS ARE',/) 
41 FORMAT(//,25X, 1 REAL PART 1 ,6X,'IMAGINARY 1 ,/) 51 FGRMAT(//,20X,2El5.5t/) 
5~ FORMATC//,20Xr 1 CHOICt ONE HAS EITHER NEGATIVE OR ZERO FORWARD GAIN &•) 
47 FCRMATC1HlJ//,20X, 1 CHOICE TWO') 666 FORMATClHl 
4~ FORMAT(//,20Xr 1 CHOICE TWO HAS EITHER NEGATIVE OR ZERO FORWARD GAIN 
t•) 
60 FORMAT(//,20X, 1 SYSTEM HAS COMPLEX GAIN,NO SOLUTION') 
593 FORMATC//,20X, 1 SPECIFICATION FOR EXTERNAL LOOP GAIN IS••••••••••'• &El4.5,/) 





THIS SUBROUTINE COMPUTES THE VALUES OF THE DENOMINATOR POLYNOMIAL. 
DIMENSION TC10),UC15),Q(l5) 
~Pl=N+l 
U( U =-1. 
UC2)=0 . 
UC3)=1. CO 140 1<=1 NPl 
U(K+3)=2.*Z*UCK+2)-UCK+l) 
CASE OF DENOMINATOR POLYNOMIAL OF DEGREE TWO. 
l(l)=Q(N+l)*U(l)-Q(N)*U(2 )* 0+QC N-l)*U(3)*0**2 
TC2)=Q(N +l)*UC2)-QCNJ*UC3 )*0+QCN-l)*UC4)*0**2 
TC3)=QCN+l)+QCN)*S+Q(N-li *S**2 
T(4)=QCN+l)*UC2)*0-QCN)*UC 3)*0**2+Q(N-li*U(4)*0**3 




c CASE OF DENOMINATOR POLYNOMIAL CF DEGREE THRE E 
c 
TC l)=TCl )-Q(N-2l*UC4)*0**3 
TC 2)=TC2) - QCN- 2)*UC5t*0**3 
T( 3)=T(3 )+QCN-2)*S**3 
T( 4)=l(4)-Q(N-2l*UC5 )*0**4 
TC5 )=TC5 J- QCN-2l*UC6) *0**4 
TC6) =TC6)-Q(N-2)*S**4 
IFCN.EQ.3)R ETUR N 
c 










w c CAS E OF DENO MINATOR PO LYNO MIAL OF DEGREE FIVE 
c 
TCll=TCl)-Q(N-4)*UC6)*0**5 
TC2)=T C2)- Q(N-4)*UC7)*0** 5 
TC3)=T C3 )+QC N-4l*S**5 
TC 4 )=T(4 )-Q (N-4l*UC7)*0**6 
TC 5)=T C5 )- QC N- 4l*U C8)*0**6 





CASE OF DENO MINATOR POL YN OMIAL OF DEGREE SIX 
TCl)=T(l)+Q(N-5l*U(7)*0**6 
TC2)=TC2)+QCN-5t*UC 8 t*0**6 
l(3) =TC3)+QCN-5l*S**6 
T(4)=T(4)+Q(N-5)*U(8)*0**7 
TC5)=T(5)+Q ( N-5)*U(9)*0**7 
T(6)=T( 6 )-Q (N-5)*S**1 




CAS E OF DENOMINATOR POL YNOMIAL OF OEGREE SEVEN 





















TC 5)=TC 5J+QCN-7)*UC 11)*0**9 
TC6)=T(6)-QCN-7)*S**9 
IFCN.EQ.8)RETURN 
CASE OF DENCMINATOR POLYNOMIAL OF DEGREE NINE 









THIS SUBROUTINE COMPUTES THE VALUES OF THE NUMERATOR 
DI~ENSION EC25},UC15},A(15) 
NP l=N+1 
UC U=-1. 0 U(2)=0.0 
UC3)=1.0 
CO 140 K=l,NPl 
140 UCK+3)=2.0*Z*UCK+2t-UCK+1 ) 
c C CASE OF NUMERAT OR POLYNOM I AL OF DEGREE ZERO 
c 






















EC~J=E ( 9 ) +A(M)*S**2 
IFCM.EQ.lJRETURN 
c 















CASE OF NUMERATCR POLYNOMIAL OF DEGREE THREE 
E(lt=E( l )-A(M-2)*U(4)*0**3 
E C 2) =E ( 2 )-A ( M-2 )*U (.5 l*0**3 
E(3J=E(3)+A(M-2J *S**3 
E(4)=EC 4 J-A( M-2)*UC 6) *0**5 









C~SE OF NUME RAT CR POLYNOMI AL OF DEGRE E FOUR 
E( l)= E( l )+A( M- 3 )*UC5 J*0**4 
E( 2 )=EC2)+ A(M-3 )*U(6 )*0**4 
































c CASE OF NUMERATOR POLYNOMIAL OF DEGREE SEVEN 
c 




















DO 1 I= 1 N 











IFCINSF.EQ.l)GO TO 3 
RC21=A(HPl)*X*Y*P 





IFCM.NE.OJGO TO 1 
CALL PAOOCS,MM,R,MF3,SS,MP2) 
RETURN 
1 DC 2 l=ltM 2 SS(I+l)=A( MP 1-I)*X*Z*GEX +A( MP2-I)*X*GEX 
IF(INSF.EQ.ltGO TO 5 
CC 6 1=1 ,M 
6 RCI+2J=A (MP1-Il*X*Y*P+A(MP2 -I)*X*Y 
GO TO 8 
5 DC 7 l=l,M 
7 RCI+2):A(HP1-I)*X*Y*Z+A(MP2-Il*X*Y 













GO TO eo 60 l ( I )=Y (I) 











DO 65 J=l,N 
J Y=J+l 
<.D J J =JJ+N+l 
(X) BIGA=O 
IT=JJ-J 
DO 30 I =J, N 
I J=IT+I IF ( ABS(BlGAl-ABS(A(IJ))) 20,30,30 
20 BIGA=A(IJ) 






I T=I MA X-J 
DO 50 I<=J,N 
Il=Il+N 
!2=Il+IT SAVE=A ( I 1) 
A ( I 1 ) =A (J 2 ) 
A (I 2) =SAVE 
50 A(Jl)=A(Jl)/BIGA 
SAVE=B( I MAX) 
B { I MAX ) =B ( J ) 
B(Jl=SAVE/BIGA 
I F ( J- N ) 5 5 , 7C , 5 5 




DO 65 I X=JV , 1\ 
IXJ=IQS+ IX 
!T=J- I X 
DO 6 0 JX=JY, N 
IXJX=N*(JX- 1l+I X 
JJX=IXJX+IT 
60 A(!XJX)=A(IXJX)-(A(IXJ)*A(JJX)) 
65 B(!XJ=B(IXJ- (B{J)*A(IXJ)) 
70 NY=N-1 
IT=N*N 




DO 80 t<=l,J 
B(IB)=B(IB)-A(!Al*B(ICl 
IA=IA-N 
80 IC= IC-1 
RETURN 
END 






DO 6 1=NAP2,NCP1 
6 Alll=O.O 
DO 7 I=NBP2,NCP1 





DO 12 1=3,NCP1 
· 10 C(l)=A(U*B(I) 
DO 12 J=2,I 
11 K=I-J+l 12 C(!l=C(Il+A ( J)*B(K ) 
RETURN 
END 






































IFfK.EO. OlGO TO 18 
A ( 2) =-R ( 1) 
IFfK.EQ.1) GO TO 18 
N=l 





DO 16 1=2,NP1 




DO 23 J=l,L 










************FIVE SPECIFICAT IONS DESIGN PROGRA M(FISDEPl************ 
THIS PROGRAM USES ALGEBRAIC METHODS TO DESIGN A CONTROL SYSTEM WHI 
CH MUST SATISFY THREE,FOUR OR FIVE SPECIFICATIONS. IT IS ASSUMED 
THAT THE DIFFERENTIAL EQUATICNS OF THE UNCOMPENSATED SYSTEM ARE 
KNOWN AND CAN AE EXPRESSED IN TERMS OF A TRANSFER FUNCTION. THE DE 
SIGN PROCEDURE IS BASED ON THE USE OF THE CHARACTERISTIC EQUATION 
FORMED BY THE UNCOMPENSATE D SYSTEM AND A SET OF COMPENSATOR DEVI 
CES. THE SPECIFICATIONS THA T MAY BE USED ARE:OAMPING RATIO,NATURAL 
FREQUENCY,CONSTANT ERROR COEFFICIENT 1 BANDW IDTH AND SENSITIVITY. THEY MAY BE USED All AT THE SAME TIMt(USING CQMBINATION OF SINGLE 
SECTION OF FILTER IN CASCADE,ANO ACCELERATION AND TACHOMETER FEED 
BACK AS COMPENSATOR DEVICES) OR IN THE FOL LOWING ALTERNATIVES: 
1. A COMBINATION OF DAMPING RATIO,NATURAL FREQUENCY AND SENSITIVI 
TY(USING TACHOMETER AND ACCELERATION FEEDBACK AS COMPENSATORS) 
2. A COMBINATION OF DAMPING RATIO, NATURAL FREQUENCY, SENSITIVITY 
AND BANDWIDTH(USING SING LE SECTION OF FILTER IN CASCADE ANO TA 




















































3. A COMBINATION OF DAMPING RATI0 1 NATURAL FREQUENCY,BANDWIDTH AND ERROR COEFFICIENT(SAME COMPENSATORS AS ALT ERNATIVE 2) 
SINCE THE SOLUTION IS BASED ON THE CHARACTERISTIC EQUATION OF THE COMPENSATED SYSTEM THERE IS NO RESTRICTION FOR CHOOSING A PART!CU 
LAR COMBINATION OF COMPENSATOR DEVI CES PROVIDED THAT THE TOTAL NUM 
BER OF UNKNOWN PARAMETERS OF THE CHARACTERISTIC EQUATION EQUALS 
THE NUMBER OF SPECIFICATIONS(IN THIS PROGR~M THE SYSTEM FORWARD GA 
IN Will BE CONSIDERED AN UNKNOWN PARAMETER) 
THE INPUT TO THE PROGRAM IS THE FOLLOWING: 
A. A SUBROUTI NECCALLED CALCEl)WITH THE COEFFICIENTS OF THE CHARAC 
TERISTIC EQUATION AS A FUNC TION OF THE UNKNOWN PARAMETERS. THIS 
SUBROUTINE MUST REPLACE THE EXAMPLE GIVEN HERE. 
B. DATA CARD #01 WRITTEN IN FORMAT 2Fl0 .2 WITH TH E SPECIFICATIONS 
FOR DAMPING RATIO AND NATURAL FREQUENCY. 
C. DATA CARD #02 WRITTEN IN FORMAT 2I5 WITH THE ORDER OF THE CHA 
RACTERISTIC EQUATION AND THE INTEGER: 
1 IF ALTERNATIVE ONE IS USED. 
2 IF ALTERNATIVE TWO IS USED. 
3 IF ALTERNATIVE THREE IS USED. 
4 IF ALTERNATIVE FOUR(ALL FIVE SPECIFICATIONS) IS USED. 
D. DATA CARD #03 WRITTEN IN FORMAT 9F8.2 WITH A SET OF GUESSED VA 
LUES FOR THE UNKNOWN PARAMETERS,A TERMINATION CRITERION AND RE 
MAINING SPECIFICATIONS THAT IS,IF FORWARD GAIN,TACHOMETER GAIN, 
ACCELERATION GAIN,COMPENSATOR ZERO,COMPENSATOR POLE,TERMINATION 
CRITERION AND SENSITIVITY,BANDWIDTH AND ERROR COEFFICIENT SPEC! 
FICATION ARE CALLED:X,Y,Z,P,R,EPS,SE,B AND EC RESPECTIVELY THEN 
THE THIRD DATA CARD SHOULD BE: 
IN FORMAT 9F8.2 VALUES FOR X,Y1 Z,EPS AND SE; OR X,Y,P,R, EPS, B AND SE; OR X,Y,P,R,EPS,B AND E~; OR x,y,z,P,R,EPS,SE,B AND EC 
IF ALTERNATIVE ONE,TWO,THREE OR FOUR RES PECTIVELY IS USED. 
E. A DATA STATEMENT WITH THE ORDER OF THE CHARACTERISTIC EQUATION 
AND THE SPECIFICATIO NS SHOULD REPLACE THE PRESENT ONE IN THE 
FUNCTION SUB-PROGRAM HtG , Q OR F IF ALTERNATIVE ONE,TWO,T HREE OR 
FOUR RESPECTIVELY IS UsE D. 
F. NEW STA TE MENTS FOR BCN AND BCD SHOULD BE DER IVED FROM THE ABSO 
LUTE VALUE OF THE CLOS ED LOOP TRANSFER FUNCTION,IN TERMS OF THE 
UNKNOWN COEFFICIENTS 1 AND REPLACE THE PRESENT ONES IN THE MAIN PROGRAM.LIKEWISE IF ALTE RNATI VES 1,3 OR 4 ARE BEING USE D THEN 
STATEMENT # 22 OF FUNCTIONS G,Q OR F RESPECTIVELY SHOULD BE ~0 
DIFIED ACCORDINGLY. 
G. NEW STATE~ENT FOR ECO SHOULD BE DERIVED FROM THE ERROR COEFFICI 
ENT EQUATION 1 IN TERMS OF THE UNKNOWNS,AND REPLACE THE PRESENT 0 NE IN THE MAIN PROGRA~.LIKEWISE IF ALTERNATI VE TWO OR FOUR ARE 
USED STATEMENT # 23 IN FUNCTION Q OR fl 24 IN FUNCTION F RESPEC 
TIVELY,SHGULO BE MODIFIE D. 
AS AN ALTERNATIVE THE PROGRAM MAY BE USED ALTOGETHER CHANGING DATA CARD # 02 TO READ ONLY THE ORDER OF THE CHARACTERISTIC EQUATION 










READC5,940 ) TO JUST BEFORE THE STOP STATEMENT.lN THIS CASE IT SHO 
ULD BE NOTED THAT FOUR SETS OF DATA CARDS 2 AND 3 SHOULD BE FURNI 
SHED.THE PROGRAM AS PRESENTED HERE USES THIS LAST ALTERNATIVE FOR 





DO 222 NCO=l,4 
REAOC5,444)N 
WRIT EC 6, 10 ) 
WRITEC6, 111 t 
GO TO C445J446,447t448),NCO 




GO TO 449 












































GO TO 504 














CALL SE NSITCO,N,A,AO,U,UO,O ET,OETKZt SE=-CX*DETKZ)/CZE*DET) 




GG TO 942 
ECO=X/A(2) 
DO 1 I=l ,NPl 
WCU=O . 














DO 43 K=l,N 
43 WRITE(6 ,5l)ROOTRCK),ROOTICK) 
2 FORMATC//,20X,•FORWARD GAIN IS'tlOX El5.5,1) 
3 FORMAT(//,20 X,'lACHGMETER GAIN tS•,7x,El5.5,/) 
4 FORMATC//,20X,•ACCELERATION GAIN IS',5X,E15.5,/) 
5 FORMAT(//,20X, 1 COM PENSATOR POLE IS 1 ,bX,El5.5,/) 
6 FORMATC//,20X, 1 COMPENSATOR ZERO IS 1 ,6X,El5.5,/) 
1 FORMAT(//,20 X,'ABS.VALUE OF CLTF AT B IS',El5.5,/) 
8 FO RMATC//,20X,•SENSITIVITY IS' llX El5.5 /) 
9 FORMATC//{20X, 1 NUMBER OF ITERAftoN~ IS 1 ,i2X,I5,/) 
10 FO RMAT( lH ,//,20Xt'INPUT DATA') 
12 FO RMATC// ,20X 1 1 SPtClFICATION FOR DAMPING RATIO IS',4X,El5.5,/) 13 FO RMATC //,20X,•SPECIFICATION FOR NATURAL FREQUENCY IS 1 ,E15.5 1 /) 14 FORMATC//,20 X, 'SPECIFICATION FOR ERROR COEFFICIENT IS' ,E15.5,/l 
15 FORMATC//,20X, 1 SPECIFICATION FOR ROOT SENSITIVITY IS',1X,E15.5,/) 
16 FORMATC//,20X,'SPECIFICATION FOR BANDWIDTH IS 1 ,8X,El5.5,/) 
17 FORMATC//,20X , 1 0U TPUT DATA') 
18 FORMATC20Xr'****** ****',//) 
38 FORMAT(//,20 X, 1 COEFFICIENTS OF THE C.E. IN ASCENDING ORDER') 
40 FORMATC//,20 X, 1 THE COMPENSATED SYSTEM ROOTS ARE',/) 
41 FORMAT(//,25X, 1 REAL PART' 6X 'IMAGINARY' /) 
42 FORMATC//,20x,•ERROR coEFFiciENT ts•, sx,e ts.s,t) 
~1 FORMATC//,20 X,2E15.5,/) 
~3 FORMATC//,20X,3El5.5,/) 
111 FORMATC20Xr'***** ****') 333 FORMAT(9F8.2J 
444 FORMATCI5) 
450 FORMAT(//,20Xr 1 SPECIFICATION FOR BANDWIDTH IS 1 ,12Xr'NONE',/) 
451 FORMATC//,20X,'SPECIFICATIO N FO R ERROR COEFFICIENT IS 1 ,4X, 1 NONE'r/ 
G) 
452 FOPMATC// 1 20X, 1 SPECIFICATION FOR SENSITIVITY IS', 1~ X,'NONE',/) 555 FO RMATC//,20X,'INITIAL VALUES FOR UNKNOWN PARAMETERS ARE'r//,20X, 
&3E15.5,//,20X,3E15.5,//) 
120 FORMATC//,20X, 1 1.UNKNOW~ PA RAMETERS') 
721 FORMATC20X,•--------- ----------' t/1) 
122 FORMATC1Hl,//,20X, •II.CALCULATED ~PECIFICATIONS') 
723 FORMATC20Xt'-------- - ---- --------------'J/1) 724 FORMAT(//,LOX,'tii.STABILITY INFORMATION' 







SUBROUTINE OPOLRTCXCOF,COF,M 1 ROOTRJROOTI,IER) IMPLICIT REAL*8 (A-H), REAL*~ (0-Z 









GO TO 20 
30 IER=2 
GO TO 20 




I<J1 = N-+1 
on 40 L=1lt<Jl MT=KJl-L+ 
40 COF(MTJ=XCOF(L) 
45 X0=. 00 5001 01 














v =0 . 0 
YT=O.O 
XT=1. 0 
U=COFCN+ l ) 
lf(U) 65 , 130 ,65 




















78 1-FCOABSIOYI+DABSCDX) - 1.0E-05J 100,80,80 
80 ICT=lCT-+1 
IFfiCT-500) 60,85 85 
85 IFfiFIT)l00,90,106 
'10 IFCIN-5) 5C,95,95 
95 IER=3 
GG TO 20 

































IFCSUMS Q) 160,165,160 
160 Y=-Y 
SUMSQ=O.O 
GO TO 155 
165 IFCN) 20 ,20, 45 
END . 
SUBROUTINE SIMQ(A1B,N~KSJ IMPLICIT REAL*8 ( -H,u-z 




















DO 50 K-=J, N 
Il=ll+N 
I2=Il+IT 
SAVE=A ( I U 
A(IU=ACI2) 
ACI2)=SAVE 50 ACil)=A(Il)/BIGA 
SAVE=BC IMAX) 
B ( I M AX ) = B ( J ) 
B(J)=SAVE/BIGA 
IF ( J-N) 55 l 70, 55 55 IQS=N*C J-1 DO 65 IX=JY,N 











IT=J-IX CO 60 J X=J Y, N 
IXJX=N*(JX-l)+I X 
JJX=IXJX+IT 




OC 80 J=l,~Y 
IA=IT-J 
IB=N-J 
I C= N 
DO 80 K=l,J 
BCIB)=B(IB) - ACI ~ ) *B( ICt 




SUBROUTINE SOLNLSCF,X,Y 1 Z,P~R,EPS,MZ,L) IMPLICIT REAL*8CA-H,O-ZJ 
ThiS SUBROUTINE USES ROBINSON METHOD TO SOLVE A SYSTEM OF FIVE 
EQUATIONS WITH FIVE UNKNOWNS. 
IF MZ IS SET EQUAL TO ZERO PRINT OUT EVERY FIVE ITERATIONS WILL 
eE OBTAINED 
DIMENSION AC5,5),D(5,5),B(5),E(5),AA(25),KK(l000 ) 




DO 1000 1=1,1000,5 
KK (I)= 5*KA 
K~=KA+l 
1000 CONTINUE 
CO 20 K=l,1000 
IF(K.EQ.KK(K).A~O.MZ.EQ.O )WRITE(6,39)K,X,YtZtPtR 
~9 FORMAT(//,20 X,'ON IERATION #',I4,'THE UNKNUWN VALUES ARE 1 ,5El5.5) 
L=K 
IFCK.GT.l)GO TC 9 
c 
C INITIAL VALUES FOR THE DIFFERENCES X(K)-X(K-1). 
c 







9 U=OSQRTCDX*OX +OY*OY) 
~=OSQRTCDX*DX+OY*OY+OZ*OZ) 
W=DSQRTCDX*OX+OY*OY+OZ*OZ+OP*OP) 
S=OSQRT(DX*OX+OY*OY+OZ*OZ+OP*OP+OR*OR) 0( 1, U=S*OY/U 
OC1,2t=S*DX*OZ/CV*U) 0(1,3)=S*DX*OP/CW*V) 
0(1,4J=OX*OR/W 










c ( 4' 1 )=0 .o 0(4,2)=0.0 
C ( 4, 3 )=-V* S/W 
0(4,4)=0P*OR/W 
0(4,5)=-0P 




0(515)=-0R 11 DO . 2 I= 1, 5 
12 8 ( I ) =- f ( I , X , Y , Z , P , R ) 
IF(OABS(B(1)).LT.EPS.ANO.DABS(B(2)l.LT.EPS.ANO.OABS(8(3J).LT.EPS. 
&AND.DABS(8(4)).LT.EPS.ANO . DABSCB(5)J.LT.EPStRETURN 
co 14 1=1,5 
DO 14 J=1,5 
14 A(l{J)=FCI,X+0(1,J),Y+D(2 ,Jt,Z+Ot3,J),P+OC4,J),R+0(5,J))+B(l) DC 5 M=1,5 
15 AA(MJ=ACM,l) 
IA=l 













11 CGNT INUf 
IC=l 





DO 33 M=21,25 
A'(M)=A(ID,5) 
IC= ID+ 1 
33 CCNTINUE 
CALL SIMQ(AA,B,5,KS) 




















SUBROUTI NE SOLNSCG,X,YiZ,P,EPS,MZ,L) 
IMPLICIT REAL*8(A-H,O- ) 
C THIS SUBROUTINE USES ROBINSON'S METHOD TO SOLVE A SYSTEM OF FOUR 
C NON-LINEAR EQUATIONS WITH FOUR UNKNOWNS. C IF MZ IS SET EQUAL TO ZERO PRINT OUT EVERY FIVE ITERATIONS WILL 
C BE OBTAINED 
c DIMENSION A(4,4),0(4,4),8(4),E(4),AA(16),KK(l000) 







DO 1000 1=5,1000,5 
KK(I)=5*KA 
KA=KA+l 
l uOO CONTINUE 
00 20 K=l,lOOO 
IFCK.EQ.KK(K).A ~D.MZ.EQ .O)WRITEC6,39)K,X,Y,Z,P 
39 FORMATCII,20X,'CN tERATION t',I4, 1 THE UNKNOWN VALUES ARE 1 ,4El5.5) 
L=K 
IFCK.GT.1)GO TO 9 
00 1 I =1 ,4 
DO 1 J=l,4 
1 0 ( I , J) =0 .0 
00 8 1=1,4 








D ( 2, 1) =-OX *T I U 
0(2,2)=COY*DP*l)I(V*U) 
0 ( 2, 3 )=OY*OP IV 
0(2,4)=-0Y 
0(3,1)=0.0 
D ( 3 , 2 ) =-U* T IV 
0 ( 3 , 3 ) = D Z* D PI V 
0(3,4)=-DZ 
C (4, U=O . 0 
0(4,2)=0 . 0 
0(4,3)=-V 
0(4 4)=-DP 
11 DO l2 -1=1,4 
12 B C I ) =G ( I, X, Y, l, P) 
IF(DABS(B(l)).LT.EPS.AN O.DABSCBC2)).LT.EPS.ANO.OABS(B(3)).LT.EPS. 
&ANO.DABSCBC4J).LT.EPS)R ETURN 
co 14 1=1,4 
DC 14 J=l,4 
14 ACI{J)=GCI,X+O(l,J),Y+DC2, J),Z+0(3,J),P+0(4,Jt)-BCI) 
DO 5 M=l,4 
15 ~~(M)=ACM,U 
IA=l 








~, 00= A C lA, 2 J 
IA•IA+l 
16 CCI\T INU E 




IC=l CO 32 M•13, 16 AACM)=ACJC ,4) 
IC=IC+l 
32 CONTINUE CALL SJMQCAA,8,4,KSt 




oz=g .o DP• .0 . 
DO 18 J=l,4 
C)(•OX-DCl,Jt*ECJt 










SUBROUTJ~E SGLCI\(H,X,Y 1 Z,EPS,MZ,Lt IMPLICIT REAL*8(A-H,O-L) DIMENSION ~(3,3),0(3,3),8(3),E(3),AAC9),KKC1000) 
IF MZ IS SET EQUAL TO ZERO PRINT OUT EVERY FIVE ITERATIONS WILL 
BE OBTAINED 
00 2000 1=1,1000 KK (I )=0 
1<1<(1)=1 
t<A=l 
DO 1000 1=5,1000,5 





1000 CCNT INUE 
DO 20 K=1r1000 
IFCK.EQ.KKCKJ.AND.MZ.EQ.O )WRITE(6,39)K,X,Y~l 
39 FOPMATC//,20 Xr 1 GN IERATION N1 rl4r 1 THE UNKNuWN VALUES ARE',3El5.5t l=K 
IFCK.GT.1)G0 TO 9 
DC 7 1=1,3 
DO 7 J=1,3 
7 OC I,Jt=O.O 
DO 8 1=1 ,3 
e DCifU=0.1 GO 0 11 
9 R=DSQRTCOX*DX+OY*DY+DZ*OZ) 






0 (3, 1) =0.0 
DC3,2J=-S 
OC3,3t=-DZ 
11 DO 12 1=1,3 
12 B ( 1) =H ( I' X I v l ) 
IFCDABSCBC )J.LT.EPS.AND.DA8SCB(2)).LT.EPS.AND.OABSC8C3)).LT.EPS) &RETURN 
DO 13 1=1,3 
DC 13 J=l,3 
13 ACI,J)=HCI,X+O(l,J),Y+D(2,J),Z+C(3,J))-BCit 
DO 35 M=l,3 
35 A~CMJ=ACM, U 





DO 37 M=7, 9 
A~ ( M )=A ( I 8 , 3 ) 
IB=IB+l 
37 CONTINU E 
C~ll SI MQ(AA,8,3,KS) 
00 34 1=1,3 
34 EC it =8( J) 











DO 17 J=1, 3 
CX=OX-0(1,Jt*E(J) 
DY=OY-0( 2,J)*E(J) 










SUBROUTINE CHEVY( ZE,N,UJUD ) 
IMPLICIT REAL*8CA-H,O-Z 
THIS SUBROUTINE USES A RECURRENCE RELATION TO CALCULATE CHEBYCHEV'S 




u ( 1) =-1. 0 
U(2)=0.0 
U(3)=1.0 
DO 140 K=1,NP1 
UCK+3)=2.0*ZE*U(K+2)-U(K+l) 





UD(7)=64.0* ZE**3-24 . 0 *ZE 
UD(8)=160.0*ZE**4-96.0*ZE**2+6. 0 
UD(9)=384. 0*ZE**5-320. 0*ZE**3+48.0*ZE 
UOC10)=896. 0*ZE**6-960. 0 *ZE**4+240.0*ZE**2-8.0 RETURN 
END 
SUBROUTI NE SENSITCC,N~AlAD,U,UD,OET,DETKZ) 
IMPLICIT REAL*8 (A-H,u- ) 
DIMENSION A(l5),AD(15),U(l5),UD(l5) 
c 
C THIS SUBROUTINE USES KOKOTOV IC AND SILJAK EQUATIONS TO CALCULATE C THE DETERMINANTS REQUIRED TO FINO THE ROOT SENSITIVITY OF AN N OR-

































OUTPUT OF THE SUBROUTINE AND THE CORRESPONDING INPUT ARE: 1. THE UNDAMPED NATURAL FREQUENCY (0). 
2. THE ORDER OF THE CHARACTERISTIC EQUATION CN). 
3. THE N+2 ARRAYS U AND UO CONTAINING THE CHEBYCHEV'S FUNCTIONS OF 
FIRST KINO AND ITS FIRST DERIVATIVES RESPECTIVELY. 
4. THE N+l ~RRAYS CONTAINING THE COEFFICIENTS OF THE CHARACTERIS-
TIC EQUATION AND ITS PARTIAL DERIVATIVES WITH RESPEC TG THE SYS TEM GAIN RESPECTIVELY. 




Bl=AU t•uou • 
0033 K=l{N 
Bl=Bl+C- el**K*O**K*UO(K+l)*ACK+l) B2=AU)*U0(2) 00 44 K=l,N 
B2=82+C-l.)**K*O**K*UDCK+2l*ACK+lt Cl=AO(l)*UClt 
0055 K=l{N 
Cl=Cl+(- • )**K*C**K*UCK+U*ADCK+U C2=AOCll*U(2) 
D066 K=l N 




SUBROUTINE CAL CElCX,Y, Z, P,R ,A,AOl 
THIS SUBROUTI NE IS SUPPLIED BY THE DESIGNER AND CONTAI NS THE COEF -
FIC IENTS OF THE CLOSED LOOP TRANSFE R FUNCTION IN TE RMS OF THE UNK-
NCkN PARAMETERS X,Y 1 Z P AND R. THE EXAMPLE GIVEN HE~E CORRESPONDS TC A THIRD ORDER SY~T~M WHOSE TRANSFER FUNCTION IS K/S3+7.5 S2+3.5 S 
AND WHICH IS DESIRED TO COMPENSATE WITH A CACAOED SINGLE SECTIO N 
OF FILTER AND TACHOMETER AND ACCELERATION FEECBACK COMPENSATORS IN SIDE A NEGATIVE UNITY FEEDB ACK LOOP. 
THE PARAMETERS X,Y 1 RtP AND l CORRESPOND TO FORWARD GA(N,TACHOMETER GAINfACCELERATION ljAIN,COMPENSATOR POLE AND COMPENSATOR ZERO RES-PECT VELY. 
IMPLICIT REAL*SCA-H,O-Z) 
































lf(B(l).NE.O.O)GO TO 2 








FUNCTION f(I,X Y Z,P,R) 
IMPLICIT REAL*~Cl-H 0-Z) DIMENSION U(l5),UDCl5),A(l5),A0(15) 
PRCBLEM SPECIFICATIONS ~RE DAMPING RATIOfNATURAL FREQUENCY,BANDWI-
CTH,ERROR COEFFICIENT AND ROOT SENSITIVI Y. 
DATA N,ZE,O,B,SE,EC/4,0.5,5.~,6.0,0 .2,3.2/ 
CALCULATION OF THE CHEBYCHEV'S FUNCTION WILL BE MADE USING AN 
EXTERNAL SUBROUTINE 
C~LL CHEVYCZE,N,U,UC) 
COEFFICIENTS OF THE CHARACTERISTIC EQUATION AND ITS PARTIAL DERIVA 
liVES WILL BE CALCULATED USING AN EXTERNAL SUBROUTINE THAT MUST BE 
"ODIFIEO FOR EACH PROBLEM. 
CALL CALCEl(X,Y,z,P,R,A,AD) 
C~LCULATION OF THE VALUES OF THE FUNCTION AT EACH STEP OF THE 
SUBROUTINE FOR SOLVING THE NON-LINEAR EQUATIONS. 





















22 f=(A(5)*B**4-A(3)*B**2+A(l))**2+(A(2)*B-A(4)*8**3)**2-2. 0*(X*Z)**2 
&-2.0*(X*B)**2 
RETURN 









00 8 K=l}N . 






PROBLEM SPECIFICATIONS ARE DAMPING RATIO,NATURAL FREQUENCY,BANDki-
OTH AND ROOT SENSITIVITY. 
DATA N,ZE,O,B,SE/4,0.5,5.0,6.0,0.2/ 
CALCULATION OF THE CHEBYCHEV•S FUNCTION WILL BE MADE USING AN 
EXTERNAL SUBROUTINE 
CALL CHEVYCZE,N,U,UD) 
CALCULATION OF THE COEFFICIENTS OF THE CHARACTERISTIC EQUATION 
FOR THE PARTICULAR PROBLEM. 
CALL CALCE!(X,v,z,P,O.O,A,AO) 
CALCULATION OF THE VALUES OF THE FUNCTION AT EACH STEP OF THE 
SUBROUTINE FOR SOLVING TH E NON-LINEAR EQUATIONS. 
GC TO (22,23,24,25),1 
22 G=(A(5)*B* *4-A(3)*B**2+A(l))**2+CAC2)*B-A(4)*8**3)**2-2.0 *CX*Z)**2 
&-2.0 *CX*B)**2 
RETURN 























00 7 K=l,N 
7 G=G+(-li**K*O**K*U(K+l)*A(K+ll 
RETURN 
25 G=AC U*U(2) 
00 8 K=l;N 
8 G=G+(-1. **K*O**K*U(K+2)*~CK+l) RETURN 
END 
FUNCTION Q(l,X Y,Z,P) 
-IMPLICIT REAL*~CA-H,O-Z) 
DIMENSION U(l5),AC15),UOC15),A0(15) 
PRCBLEM SPECIFI CATI OS ARE DAMPING RATIO,NATURAL FRQUENCY,BANO-
WIOTH ANO ERROR COEFFICIENT 
DATA N,ze,o,B,EC/4,0 .5,5.0,6.0,3.2/ 
CALCULATION OF THE CHEBYCHEV'S FUNCTION WILL BE MADE USING AN 
EXTERNAL SUBROUTINE 
CALL CHEVY(ZE,N,U,UD) 
CALCULATION OF THE COEFFICIENTS OF THE CHARACTERISTIC EQUATION 
FOR THE PARTICULAR PROBLEM. 
CALL CALCEl(X,o.o,z,p,y,A,AO) 
CALCULATION OF THE VALUES OF THE FUNCTION AT EACH STEP OF THE 
SUBROUTINE FOR SOLVING THE NON-LINEAR EQUATIONS. 
GC TO (22,23,24,25),1 



































I~PLICIT REAL*HCA-H{O-Z) DIMENSION UC15),UDC 5),AC15),ADC15) 
PROBEM SPECIFICATIONS ARE DAMPING RATIO,NATURAL FREQUENCY AND ROOT SENSITIVITY. ' 
DATA NtZE,C,SE/3,0.5,5.0,0.1/ 
CALCULATION OF THE CHEBYCHEV'S FUNCTION Will BE MADE USING AN 
E~TERNAL SUBROUTINE 
CALL CHEVYCZE,N,U,UO) 
COEFFICIENTS OF THE CHARACTERISTIC EQUATION AND ITS PARTIAL DERIVA 
liVES Will BE CALCULATED USING AN EXTERNAL SUBROUTINE THAT MUST BE MODIFIED FOR EACH PROBLEM. 
CAll CALCElCX,Y,O.O,O.O,Z,A,AD) 
CALCULATION OF THE VALUES OF THE FUNCTION AT EACH STEP OF THE SUBROUTINE FOR SOLVING THE NON-LINEAR EQUATIONS • 
GO TO 122,23,24),1 
CALL SENSITCO,N 1 A,AO,U,UD,DET,OETKZt H=SE*ZE*DET+X*DtTKZ RETURN 
H=ACl)*UCl) 
DC 7 K=ltN 
H=H+(C-l. OJ**K)*CO**K)* U(K+l)*ACK+l) RETURN 
H=ACl)*UC2) 
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